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This volume presents a brief survey of the fundamental properties of gyro- 
scopes and their use for the purpuse of determining the orientation of a given 
object (an aircraft, guided missile, etc.) with respect to a certain system of 
coordinates, which may be fixed or rotating in space 4n a prescribed manner; the 
type designations and capebilities of typical differentiating and integrating 
gyroscopes are examined. 

Detailed consideration is given to the design, theory, and analytical pro- 
eedures applied to floating diffe: 2ntiating and integrating gyroscopes, and to 
certain problens attendant upon their application. The volume contains data per- 
taining to American floating gyroscopes. ‘The physical bases for inertial navi- 
gation systems are outlined breifly. 

The book is intended for use by engineers working in the field of gyro- 
mechanism engineering, snd may also prove useful to students in the instrument- 


engineering specialties. 
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PREFACE 


Floating gyroscopes are capable of sensing both extremely small and quite 
large absolute angular velocities, and of functioning relishly under heavy vibra- 
tional and shock loads. 

Floating gyroscopes were originally 4ntended only for use in the inertial- 
navigation systems which determine the altitude of flying objects (aircraft, rock- 
ets, guided missiles, etc.) with respect to the earth by double integration of 
their acceleration with respect to time. A navigational system of this type was 
first worked out in the Soviet Union in 1932 by E. B. Tevental. It underwent 
further development in our country at the hands of B. V. Bulgakov, G. oO. 
Fridlender, L. I. Tkachev, and other scientists and engineers. A great deal of 
attention has also been devoted to these systems in other countries. 

Because of the advantages which they offer, floating gyroscopes have recently 
found an increasingly wider range of application extending far beyond the field 
of inertial-navigation system. 

The present volum sets forth the considerations basic to the design, theory, 
and methods of analysis of floating integrating and floating differentiating gyro- 
scopes; consideration is given to the operation of the floating integrating gyro- 
scope in conjunction with a servo drive (Chapters II, III, IV, and v). Chapter VI 
provides a brief outline of the physical basis of the inertial-navigation systen. 

In order to clarify the considerations which led to the development of the 
floating gyroscope and to establish its relationship to the ordinary gyroscope-- 


from which it does not differ in principle--Chapter I presents a brief survey of the 
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epplication of gyrcscopes for the fuirpoce of determining the orientation of some 
object (an aircreft, guided missile, etc.) with respect to a certain systex of 
coordinates erected in inertial space: the functions and capabilities of ordinery 
differentiating and integrating gyroscopes are discussed (Chapter I, Sections 2, 4, 
5, 6, 7). However, Chapter I is concerned not only with our previous store of 
knowledge, but also presents a number of new conclusions. These include derivation 
of a formula for gimballing error which includes a consideration of the pitching 
moment and an expression for the moments which must be applied (in the general 
case) to a gyroscope with three degrees of freedom in order to impart the proper 
mode of rotation in inertial space to the spin axis, study of the operation of a 
typical integrating gyroscope in conjunction with a servodrive, etc. To render the 
book more understaniable to readers unfamiliar with the general and applied 
theories of the gyroscope, the first two sections of Chapter I give brief dis- 
cussions of gyroscopes with two and three degrees of freedom. 

The concrete data concerning the design and parameters of floatiiug gyroscopes 
and the equipment used in their analysis have been borrowed from American scien- 
tific literature, a bibliography of which is given at the end of the book. These 
generally wavelatea references were systematized, generalized, and subjected to 
enalysis. The theory of floating integrating and floating differentiating gyro- 
scopes set forth in this volume takes the special design characteristics of these 
devices into account. In the develo;ment of this theory special attention has been 
devoted to definition and study of the parameters which govern the operation of the 
instruments in use, and also to presentation of these parameters in a form which 
lends itself to expe-imental investigation of them. As a rule, all theoretical 
derivations are accompanied by detailed analyses of the physical aspects of the 
operation of the instrument and its various elements. The paper by C. S. Draper, 
W. Wrigley, and L. R. Grohe entitled "The Floating Integrating Gyroscope and its 


application to Solution of the Prcblem of Geometrical Stabilization in Moving 
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jects,” presented at the 23rd Annual Conference of the United States Institute of 
the Aeronautical Sciences and published as a separate document has been used as a 
point of departure. 

Considereble attention has been devoted in the present cates to discussion 
of the procedures used in analysis of floating gyroscopes and their theoretical 
foundations. 

The book has frequent recourse to material from the series of lectures on 
aviation instruments and automatic devices given at the Moscow Institute of Avia- 
tion by G. A. Slomyanskily. 

Chapters I, II, III, IV, and V were written by G. A. Slomyanskiy and Chapter 
VI by Yu. N. Pryadilov under the editorship of G. A- Slomyanskiy, who made certain 
additions (this chapter is an abridged and slightly revised translation of an 
article by Philip I. Klass published in the magazine Aviation Week). Yu. N. 
Pryadilov also supplied auxiliary translations of some of the American literature 
references from which the practical data on the floating gyroscopes were borrowed. 
In addition to this, Yu. N. Pryadilov is also responsible for the technical prepa- 
ration of the manuscript and of the majority of the illustrations. The remainder 
of the illustrations were designed by V. N. Pappe. 

The authors consider it incumbent upon them to express their gratitude to 
Doctor of Technical Sciences Prof. G. 0. Fridlender for the valuable suggestions 
which he offered while reviewing the manuscript. 

The authors are indebted to V. G. Denisov and G. T. Astavin for the assist- 


ance which they rendered in selecting the literature references. 


CHAPTER I 


BRIEF SURVEY OF THE CHARACTERISTICS AND CERTAIN 


APPLICATIONS OF GYROSCOPES 


' 
t 


The high-speed zyroscoves used in vesiees types of gyroscopic instruments and 
machen iene my be classified under two basic headings: gyroscopes with two degrees 
of freedam and gyroscopes with three degrees of freedam. Each “f these two types 
ts endowed with its own special nature and characteristics. The class of gyro- 
scopes with taree degrees of freedom is the most widely used. Recently, however, 
an increasing mumber of uses have been found for the gyroscope with two degrees of 
treedon. The basic properties of gyroscopes of both types are considered briefly 

the following paragraphs. 


Degrees of Freedom 


| Section 1. Brief Consideration of Gyroscopes With Two 
| 
| ! 

The gyroscope vith two degrees of Pieesions (Fig. 1.1) consists of a rotor 1 and a 
fxene 2. The rotor is mounted in feirinte situated in the frame and rotates at high 
speed with respect to the latter about its own axis of symmetry z at a constant eng- 
ular velocity @ , which is referred to as the velocity of proper rotation of the 
gyroscope. Here and in the raterial which follows we shall consider the vector of 
angular velocity to be extended along the corresponding axis in a direction such 
that rotation appears to proceed counterclockwise when viewed from the end of the 


| 
vector. The same rule will also be observed for moments of force and moments of 
! 
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_ The pivot. journals of the gyroscope frane are carried in the beerings 3, 
which are rigidly attached to the base 4. A gyroscope of this type has two degrees 
of freedom: first, rotation of the rotor with respect to the frame at an angular 
Velocity @ 3; and second, rotation of the frame with the rotor about the x axis 


‘(see Fig. 1.1) relative to the base 4. In actual applications, the outer . «ze of 
| 


‘ 


& gyroscope with two degrees of freedom, i.e., the housing of the device itself, is 
most frequently wed as the base. | 

The axis of symmetry z is designated the spin axis < of the gyroscope. The 
page tive direction of the x axis must coincide with the direction of the vector of 
| the angular velocity @ of the proper eotaticn of the gyroscope. 
, The frame and rotor are carefully balanced about the axis of rotation of the 
frm x- As already noved, the proper-rotational velocity imparted to the gyro- 
' 
| 


| possessing a high proper-rotational velocity is called a high-speed gyroscope. 


scope is high--that is, of the order of 12,000 to 24,000 rpm or more. A gyroscope 


| fhe moment of monentum of a gyroscope about the rotor-spin axis z is gen- 
| 


v? 


letter §. 


ierally designated the angular momentum of the gyroscope and is represented by the 
; H=C2 et :dn see, « (1.1) 
- 
| 


' 
‘where C is the axial mowent of inertia of the gyroscope (the zoment of inertia of 


me gyroscope about its spin axis)in Fe Mecca’ 
| It is a know fact in gyroscope theory that if the base gyroscope with two 
| 


degrees of freedom is rotated with an angular velocity w» whose vector is perpea- 


i 
cess to the axis of rotation of the gyroscope frame and forms some angle 9 with 


jthe vector B, a “gyroscopic monment"I'(a Coriolis inertia equal to the vector pro- 


lduct of the vector H. by the vector © ) will be exerted on the frame. Thus the 
| 
‘gyroscopic sz0ment 


———- 
ee 
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| gf-em 
(1.2) 
perpendicular to the plane containing the vector of the proper moment H and 
t vector » (i.e., it acts about the axis of rotation of the frame) and is so 
directed that the first vector tends to 
bring itself into coincidence with the 
second by the shortest possible path 
(Fig. 1.1). If the gyroscopic manent 
encounters no resistance it will turn 
the frame with the rotor into a posi- 
tion in which the vector H will coin- 


cide with the vector ». Rotation of 





the base of a gyrosope with two de- 


grees of freedom about axes coinciding 
Fig. 1.1. Gyroscope with two decrees of with or parallel to the spin axis or the 
freedom: 
2) gyroscope rotar; 2) frame; 3) bearings; axis of rotation of the frame cannot 
4+) base. 


give rise to a gyroscopic moment, since 


no Coriolis inertia arises under these conditions. 

| It should be noted that the gyroscopic moment—all other factors considered 
equal—will assume a maximum value at the point where the angle ¢ 290°, 4.e., when 
the vector of the rotational velocity of the base w is perpendicular to the vector 
of the proper gyroscopic moment H. This follows immediately from Formula (1.2). 
If an external moment M is applied about the axis of rotation x of the frame 
(Fig. 1.1) of a gyroscope with two degrees of freedom, the gyroscope will, under 
tie influence of this moment, behave like any other solid object having a fixed axis 


ef rotation (in our case, the x axis). In other words, the rotation of the frame 
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with the gyroscope about the x-axis is subject in this case to the equation 


wns 


(neglecting friction): 


iam, (143) 


| 
where J is the moment of inertia of the frame with the gyroscope relative to the 


axis in gf-cm-sec* and # is the angle through which.the frame rotates about the 


axis. 


im o1* 


The only difference between this gyroscope and the solid object will cmsist in 
the fact that the bearings of the frame will receive an additicnal load due to the 
gyroscopic moment which arises from the angular velocity 8 of the spin axis and is 
proportional to this velocity. However, if the frame carrying the gyroscope is 
given a velocity6 about the x-axis at the instant t#0 and is thereafter left un- 
hadered it will continue to rotate at th’s velocity for an indefinite period like 
any other solid body. In practice, however, friction in the bearings and air re- 
pieiente will eventually tring this aotien toa halt. Ths a gyroscope with two de- 
real of freedom cannct persistently maintain the position originally imparted to it. 
The capacity of a gyroscope with two degrees of freedam to react to an 

velocity # by generating a gyroscopic moment f proportional to w and applied 
to the frame of the gyroscope is an extremely valuable one fram a practical stand- 
point, since it permits such gyroscopes to be used as units which are sensitive to 
angular velocities. Highly important gyroscopic devices, such as the differenti- 
being and integrating gyroscopes, which will be considered later, have been con- 


structed on the besis of this property of the gyroscope with two degrees of freedom. 


Section 2. Brief Consideration of Gyr oscopes With Three Legrees of Freedom 





| 
2 | The eyroscope with three degrees of trecdon (Fig. 1.2) consists of the rotor 1, 
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the inner frame 2 of the gimbal suspension and the outer frame 3 of the gimbal 
suspension. The rotor is mounted in bearings carried on the inner frame, and re- 
volves rapidly with respect to the latter with a constant angular velocity J2 about 
the spin axis n. The inner frame may rotate with respect to the outer frame abcut 
the x axis. The outer frame is, in turn, mounted in bearings fixed in the base 4, 
and may rotate with respect to the latter about Y axis. 

Thus the rotor of the gyroscope has three degrees of freedom: first, the 
rotation of the rotor itself with respect to the inner frame about the spin axis Zz; 
second, the rotation of the inner frame carrying the rotor about its x axin relative 
to the outer frame; and third, the rotation of the outer frame carrying the inner 
frame with the rotor about its Y axis with respect to the base. The spin axis of 
the gyroscope has two degrees of freeaom. The point 0, at wnich the x axis, the 
Y exis of the gimbal suspension and the spin axis z intersect, is the fixed point 
of the gyroscope. All of the motions of the gyroscope reduce to its rotation with 
a certain instantaneous angular velocity relative to the fixed point 0. Ina 
mechanical sense, therefore, the gyroscope with three degrees of freedom represents 
a solid body secured at a single point--the fixed point 0. 

All components of the gyroscope with three degrees of freedom are sub jected to 
careful static balancing with respect to the axes of rotation of the gimbal-suspen- 
sion frames so that the center of gravity of the entire frame-and-rotor system will 
coincide with the fixed point 0. When this condition is established, the gyroscope 
4s referred to as astatic. The rotors of gyroscopes with either two or three de- 
grees of freedom are Lalanced dynamically about their spin axes z. 

let us consider the basic characteristics of the high-speed gyroscope with 
three degrees of freedom. 

1. If a certain direction in inertial space, e-g.-, the direction of a certain 
fixed star, is imparted to the spin axis at the initial moment of the time, and the 


gyroscope is thereafter left unhindered and free from the influence of any external 
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moments, it will rigidly retain the 


direction in inert’al space which was 
originally imparted to it; this rigidi- 
ty will increase with increasing magni- 
tude of the proper moment H. In 
practice, however, it is impossivle to 
attain complete freedom from effects 
exerted on the gyroscope by extemal 
moments; consequently, ideal mainten- 


ance by the gyroscope of the direction 





originally imparted to it is not 


Fig. 1.2. Gyroscope with three de- possible. 
grees of freedom. 
1) Rotor of gyroscope; 2) inner gimbal- This is explained as follows: 


suspension frame; 3) outer gimbai-sus- 

pension frame; 4) base; Q) fixed point First, it is impossible in practice to 

of gyroscope; x) axis of rotation of 

inner gimbal-suspension frane; xX) axis fabricate acceptable gimbal-suspension 

of rotation of outer gimbal-suspension 

frame}; z) spin axis of gyroscope. bearings with virtual freedom from 
friction, and consequently to free the 

gyroscope completely from the influence of the frictional monents which arise in 

these bearings. Secondly, it is impossible to construct an ideally astatic 

gyroscope. As a result of noncoincidence of the center of gravity of the gyro- 

scope with its fixed point 0, a gravitational moment will be exerted on the gyro- 


scope, and, when the base is subject to accelerated motion, a moment of transfer 


inertia ae well. 





*( Author 's note) Here and throughout, the term rigidity refers to the capacity 
of a high-speed gyroscope with three degrees of freedom to resist the influence 
of externally applied moments. Thus, the greater the rigidity of the gyroscope, 


i the smaller will be its deflection from its original position under the action 


of a given applied moment. 
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Any gyroscope with three degrees of freedom used in practice will according- 
ly depart in the course of time from the direction in inertial wpace which was 
originally imparted to it. This departure is frequently referred to se eyro- 
scopic drift. The drift velocity will be a function of the parameters of the 
gyroscope and the quality of its construction. The drift velocity of a real 
gyroscope has both systematic and accidental components. The systematic conpon- 
ent of the drift velocity way be compensated by applying an appropriate moment 
to the gyroscope, but it is impossible to compensate the accidental drift-veloci- 
ty conponents. 

2. An external moment M, acting on the gyroscope about the axis of rota- 
tion of one of the gimbal-susrension frames, will cause the spin axis to rotate 


(precession) about the axis of rotation of the other gimbal frame et a velocity 


mM 
af eae a (1.4) 





"where © is the angle between the gimbal frames. 

7 This rotation has a tendency to superpose the vector H on the vector M. 

' If the external moment M acts about the axis of rotation of the outer gimbal- 

' guspension frame, the spin axis (the vector H) will, in the course of time, co- 
incide with the axis of rotation of this frame. If the noment M acte about the 
axis of rotation of the outer frame this coincidence will not occur, as will 
readily be seen from Fig. 1.2. 

In cases where the moment applied to the gyroscope does not coincide in 
étrection with the axis of rotation of either of the gimbal frames, only its 
projections to these axes will give rise to precession. Formula (1.4) and its 
accompanying explanation are referred to as the law of precession of the high- 
speed gimbal-suspended gyroscope, and the motion of the gyroscope under the 


' 4nfluence of an external momeat which they characterize is known as gyroscopic 
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precession. Let us consider examples which serve to illustraie this law. 

Suppose that an extemal moment Mo 7aue, say, to a load of weight FP suspend- 
ed on the arz 2 (see Fig. 1.2) from the outer frane--acts on the gyruscope about 
the axis cf rotation x o7 the inner fraze of the gimbal suspension. This rozent 


will be equal to 
Me=Pisiné, 
where 9 is the angle between the gimbal rrames. 


In accordance with the law of precession (1.4), the gyroscope will rotate, 


or "precess” unde the influeace of the moment M at a velocity 





Q y= Ms Pl 
fant OW 


about the axis of rotation Y of the outer frame. This precession will continue 
until the load P is removed, 1. e. as long as the moment MY renains effective. 

Now let an external] moment My be applied to the eyrodBope about the axis 
of rotation of the outer frame (Fig. 1.2). Thereupon the gyroscope will precess 
about the axis of rotatic= of the dinner frame at a velocity 


mM 
Qo =". 
= Hsine’ 





dn accordance with the law of precession. 
If the moment MY acts for a sufficiently long period, this precession will 


sooner or later bring the spin axis z into coincidence with the axis ¥ of the 
outer frame. Here the gyroscope loses one degre? of freedon; and consequently 
will no longer possess the characteristics of gyroscopes with three degrees of 
freedom; hence it is no longer subject to the law of precession. For this 
reason, coincide ice of the gimbal frames must not be permitted to occur under 


actual operating conditions. 
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Referring back to Formula (1.4), we should note that the given monente 
acting along the axes of the gimbal franes will produce higher precessional 
velocities as the anzle between the gimbal frames departs increasingly fron 90°. 
The emallest precessional velocities are obtained when the gimbal frames are 
mutually perpends cular (@ = 90°). Accordingly, a high-speed gyroscope will 
achieve maximal rigidity with respect to the disturbance moments acting upon it 
when ita gimbal frames are mutually perpendicular. Formula (1.4) for the pre- 
ceasional velocity of the gyroscope takes the following form for the case cof mut-~- 


ually perpendicular frames: 
mM 
ore * (1.5) 


The actual motion of a gyroscope with three degrees of freedom under the 
influence of an external moment is somewhat more complex than that indicated by 
the law of precession. Let us consider this motion. 

Let us again apply an external moment M, to the gyroscope about its x axis; 

' thie may be done, as before, by means of a load P (Fig. 1.3). Aseume that the 
spin axis is stationary at the moment of application of the load P and that the 
load is applied without imparting a velocity to the sp3- axis. In accordance 
with the law of precession, the gyroscope will precess (rotate) about the Y¥ axis 


under the influence of the moment M at an angular velocity 


mM, 
n° 





a. r= 


The ent of the spin axis will now describe the circular arc aa (Fig. 1.3). 

In actuality, however, the gyroscope will move in such a way that che end of the 
spin axis describes the trajectory represented by the heavy line in Fig. 1.3. 

The spin axis will revolve about the Y axis in one direction with a periodically 


varying velocity whose mean value during a period x will be equal to the velocity 
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M, 


a H . 


It will oscillate simultaneously about the axis to which the external moment is ap- 
2AM A 

plied (the x axis) with an amplitude #8* —"X anda period Tp 2 Pvc , where A 
He H aa 

4s the equatorial moment of inertia of the gyroscope in gf-cm-sec*, 1.e. the moment 

of inertia of the gyroscope rotor about any axis passing through the point O perpen- 

dicular to the spin axis z (neglecting the inertia of the gimbal frames, although 

they also exert an influence on @* and I,)- 

This oscillation of the spin axis 


about the axis to which the external mc- © 
ment is applied is called nutation.t It 
can be seen from the formlas for #@* and 
Xr that nutation becomes less pronounced 
as H increases. Consequently, the higher 
‘the velocity of proper rotation of the 
gyroscope, the smaller #* and I will be. 


The actual trajectory described by the end 





of the spin axis may also assume looped or 
wavy forms, depending on the initial con- 
Fig. 1.3  Precession and nutation of a 

gyroscope with three degrees ditions. 

of freedom. 

In high-speed gyroscopes, the ampli- 
tude g* and the period to are so small as to be practically imperceptible. MnBR ES: 
fore wutation is usually neglected in studies of the motion of high-speed gyroscopes 
under the influence of external moments, i.e. only the fundamental precessional 
motion of the spin axis as determined by the law of precession is taken into account. 


Let us justify this procedure fin an example using a gyroscope with relatively 
Mutation (Latin); nodding- eee 
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small H. We shall assume that C for this gyroscope is 1 gf-cm-sec’, As 0.6C, 
Q = 12,000 rpm « 400 ® rad/sec. Then, applying the formulas for 8 and tp and 


Formula (1.1) we find that 


2-0.6-1 
© 4) eS +:76.10~7° 
7 esp ee Me 


* 
or, expressing g in seconds with M, in gf-cn, 


Even with M, = 100 gf-cm--a very high figure for gyroscopes of this type-- 


. f=l5.*; 


Tp=28 oi 70.008 sec, 


Such oscillation is virtually unnoticeable and, as we said, is usually 
neglected. Since nutation is highly undesirable in gyromechanisms, they are 
usually designed in such a way that the amplitude of nutation 1s quite small with 
the result that nutation is imperceptible in operation. 

3. The high-speed gyroscope with three degrees of freedom is practically in- 


ertialess. This means that precession ceases immediately the external moment act- 
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Fig. 1.4. 


Inertial motion of gyroscope with 
three degrees of freedom. 


ing upon the gyroscope is removed. 


The inertial motion of the spin axis which 
arises when precession ends proceeds with such a small amplitude and such a high 


frequency that it is virtually imperceptible. Furthermore, this inertial motion 


is rapidly damped by air resistance and the inevitable hearing friction. 


To clarify the nature of the inertial motion of a gyroscope with three de- 
grees of freedom, let us refer to Fig. 1.4. 


Let us assume that the gyroscope has 
@ proper-rotational velocity Q@ and is fixed immovably in inertial space. 


Now, 
by striking the frame, for example, let us impart to it an additional angular 
v 


velocity Q_ about the y axis, which is perpendicular to the x and z axes and, with 


them, forms a trihedron (at the initial instant, the y axis coincides with the 
Y axis); then let us leave the gyroscope to itself, without exerting any external 
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moment upon it. 
Since the instantaneous absolute angular velocity of the gyroscope 

*. es O+ ay will now no longer coincide in direction with the spin axis Zz, dut 
form an angle y with it (see Fig. 1.4) such that tan ¥ = 9 zy /a , the spin axis 
will no longer be fixed in inertial Space, but will begin to move relative to it. 
The motion which begins will be an inertial motion since we have imposed the con- 
dition that no external moments act on the &yroscope. In its inertial motion, the 
spin axis of the gyroscope will describe a circular cone vith a constant angular 
velocity #@ about the stationary vector © of the kinetic moment of the gyroscope 
with respect to the fixed point O. The magnitude and direction of the vector © ere 
constant since no external moments are applied to the gyroscope (kinetic-moment 
thearem). 


The kinetic moment 0 of a Gyroscope is the result of rotation of the gyroscope 





about its spin axis Z as well as of rotation of the spin axis itself. The proper 
moment H of the gyroscope is equal to the projection of the vectar © onto the spin 
gE axis. The second camponent of the vector © y Which is perpendicular to the Zz exis, 
is referred to as the equatorial component of the kinetic moment of: the gyroscope. 
Bince the velocity with which the spin axis of a high-speed gyroscope can rotate in 
small by comparison with {ts proper-rotational velocity, the equataria” component of 
the kinetic moment © of a nigh-speed gyroscope is negligibly small by canparison with 
the angular momentum of the gyroscope H. 

The apical angle of the cone (2% ) is determined from the expression 


where C and A are the axial and equatorial moments of inertia of the gyroscope (the 


inertia of the gimbal frames is neglected). 
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moment upon it. 


Since the instantaneous absolute angular velocity of the gyroscope 


come 


“. e G+ gy will now no longer cuincide in direction with the spin axis z, but 
form an angle ywith it (see Fig. 1.4) such that tan y= a y /a , the spin exis 

will no longer be fixed in inertial space, but will begin to move relative to it. 

The motion which begins will be an inertial motion since we have imposed the con- 

dition that no external moments act on the gyroscope. In its inertia motion, the 

spin axis of the gyroscope will describe a circular cone with a constant angular 
velocity “9 about th stationary vector @ of the kinetic moment of the gyroscope 

with respect to the fixed point 0. The magnitude and direction of the vector 6 are 
constant since no external moments are applied to the gyroscope (kinetic-moment 

thearen). 

! The kinetic moment 9 of a Gyroscope is the result of rotation of the gyroscope 

about its spin axis z as well as of rotation of the spin axis itself. The proper 

moment H of the gyroscope is equal to the projection of the vectar © onto the spin 

£ axis. The second component of the vector ©, which is perpendicular to the z axis, E 
is referred to as the equatorial component of the kinetic moment of the gyroscope. 

Bince the velocity with which the spin axis of a high-speed gyroscope can rotate is 

small by comparison with its proper-rotational velocity, the equatorial component of 

the kinetic moment © of a high-speed gyroscope is negligibly small by canparison with 

the angular momentum of the gyroscope H. 


The apical angle of the cone (2% ) is determined from the expression 


2. 
tea bt eee a ; 
l c c @ 


where C and A are the axial and equatorial moments of inertia of the gyroscope (the 


imertia of tne gimbal frames is neglected). : Cc 
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The velecity “9 is the component of the velocity *. directed along the 


oe 


vector © and is obtained on decomposition of 4 in the directions of the vectar 
a 
© and the spin axis z (see Fig. 1.4). Using the simila~ triangles OBE and ODF, we 


obtain the value of the velocity “9 in the form 
w= =l Vir +O FV/ 14(2) =9= V1 Fun, 


where@ - A Qy is the equatarial component of the gyroscope's kinetic moment. 

It 1s eitaant from the expression for tan 8 that this angle is very small, 
since the velocity which may be imparted in practice to the spin axis ‘of a high- 
speed gyroscope without damaging the gyroscope (in our case » the velocity a y) is 

= considerably smaller than the proper-rotational velocity 2. Moreover, A< c in 
iodistien gyroscopes. Let us consider an example. 

P : Suppore we have a gyroscope with comparatively small H whose characteristic 
‘values are as follows: C = 1 gf-cu-sec”, A = 0.6C, = 12,000 rm. Let us ime 
pert to it a secondary angular velocity ay = = 10 rpm (Fig. 1.4) which we know to be 
— than the velocity which can be given the spin axis of a geyroecope of this 


type. Then, applying the formula st tan @, we obtain 


tae nt . — Oo cms: Oa 1’ 44". , 


In this example, therefore, the total apical angle of the cone described by the 
spin axis in its inertial motion will be 3' 28", 

As seen from the expression Riven for the velocity “9 » this is greater than 
the proper-rotational. velocity a. 


Accordingly, She inertial motion or the spin axis may always be kept practically 


F-78-9910/V 2h 


one 


4 


imperceptible by proper selection of the gyrcscope parameters. This condition is 
invariably met in the case of high-speed gyroscopes. At the instant at which the 
external moment applied to the gyroscope ceases to act—as a result of which pre- 
ceesion also stops—the instantaneous absolute angular velocity of the gyroscope 
will be composed of the proper-rotational velocity and the velocities of precession 
and nutation which prevailed at this instant, and will consequently be directed at 
a certain small angle to the spin axis. The inertial motion will begin as a result 
of this. As indicated previously, however, the amplitude of tris motion will ve so 
small in high-speed gyroscopes that the spin axis will, in practice, become sta- 
tionary as soon as the external moment ceases to. act. Also mentioned above was the 
fact that friction in the gimbal-suspension bearings and air resistance lead to 
rapid decay of the inertial motion of the spin axis. It is this which causes the 
practically inertialess character of the high-speed gyroscope. 

hk. The high-speed gyroscope with three degrees of freedom is characterized 
by rigidity toward disturbing forces which act for short periods. This means that 
men a short-term disturbing force acts upon this gyroscope, its rotor spin axis 


iwi experience virtually no change of direction in space. 
| 
' 
| 


‘act for considerable periods in one direction are capable of producing considerable 


It should be remembered, however, that even very small external moments which 


deflections of the gyroscore spin axis from its original position. 

The fundamental properties of the high-speed gyroscope with three degrees of 
freedom which we have outlined above are such as to ensure its use over a broad 
range of technical fields. In certain cases, however, the degree of precision with 
which it is necessary to maintain the direction in inertial space originally im- 
parted to the gyroscope is so high that it is frequently impossible to ensure this 
precision by means of the designs orcinarily uzed for gyroscopes with three degrees 


of freedaa. 
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Section 3. Certain Specific Applications of the Gyrosceu 





With Three Degrees of Freedon 


The technical applications of gyroscopes with three degrees of freedom are 
exceedingly numerous and varied with respect to both the purpose involved and the 
way in which the gyroscope is put to use. 
Here we shall consider, in one of its 
variants, the practice of using a gyro- 
scope with three degrees of freedom to 
determine the orientation of some object 
(an aircraft, rocket, etc.) with reference 


to a certain coordinate system which mey 





be either fixed or revolving in a pre- 
‘scribed manner in inertial space. This 

Fig. 1.5. Determination of the 

position of an object moving application of the gyroscope is of the 

in space. 

highest importance in controlling the 

motion of aircraft, rockets, etc. We shall not, however, make it our purpose to 
study this problem in detail, but shall consider it in general terms and only to the 
extent necessary to explain why the so-called floating gyroscope has now been 


adopted as a means of solving the sost critical cases of the above pzoblem. 


Let Ax,Yo%> be scme earth-related or inertial system of coordinates (Fig.1.5). 


It will be recalled that a system of measurement is termed inertial when Newton's 
first lew (the law of inertia) applies to it. Suppose further that some cbject, 


e.g-., a rocket, is moving with respect to this system of coordinates. The trihedron 
OXYZ, whose origin occurs at the object's center of gravity 0, is permanently at- 


tached to it. The X and Y axes lie in the object's longitudinal plane of symmetry, 
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with the X axis directed along the longitudinal axis of the object. We shall des- 
ignate X the longitudinal axis, Y the normal axis, and Z the transverse axis. The 
positive directions of these axes, as well as those of all the other axes repre- 
sented in Fig. 1.5, are indicated by the arrows. Further, let us take a system of 
axes 0 EG which have their origin at the same point O and proceed parallel to 
the axes of the AXoYoZ7 System or possess a definite orientation with respect to 
the earth. 

The position of the object in question with respect to the coordinate systen 
AXoY 0207 or with respect to the earth when the axes AX oZo are referred to the 
earth and the axes 0 £ me are reiated to it in a definite manner, is determined 
by the three coordinates of its center 

of.gravity 0 and the three angles v, 3, 
and y» which describe the position of the 
: OXYZ-system with respect to the axes 

o En C- let us examine these angles. 
The system 0 Eno may be shifted to the 
position of OXYZ by three rotational 
operations, as follows (Fig. 1.6). First, 
we must turn the system of axes Ognr 
through an angle Y about the axis (, 


bringing the axes E and 7 into the 





positions Z and X3 next, the system 


1 
Ont 2) should be turned through an angle 


af ebout the Z, axis, so that the axes X) 


Fig. 1.6. The angles ¢#, SF, 


and 7 , which characterize the and € occupy the positions X and Y,; 
position of the axes OXYZ of 

the object with respect to the finally, the system OXY.Z, must be rotated 
axes 0£7) 0, which have a fixed 

orientation in space. through an angle y about the X-axis, 


whereupan the ax>s Yo and 2 assume the 
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positions ¥ and Z and the system 0 ¢ ¢ has been made congruent with the system 
OXYZ_. The cosines of the angles formed by the axes X,Y, and Z with the axes 


é@» ¥ » and ¢ are presented in the following table: 

















: 
| é | a | & 
x —siny cos 8 cos ¢ cos 3 | sin 8 
eat ae Na 
Y cosy sin sind siny | cos 8 cos 7 
eet ees ae a 
2 | COS + COS J | sim 4 cosy | — ¢0s 8 sin y 


(1.6) 


The three angles under consideration -- ¥ , 8 , and ¥ -=- fully determine the 
directions of the axes OXYZ of the object, ar, in other words, its position with 
respect to the axes Og. Since the angles ¥, @ , and 7 are the angles of 
" rotation of the object about the axes { , Z, and X, the latter will be refe-red 
to as the axes of measurement, i.e. the axes to which measurements of the above 
angles are referred. 

Thus in order to determine the position of the object with reference to the 

! system AxoyoZ (Fig. 1.5), it is necessary to have the three coordimtes of its 

: center of gravity 0, which determine the location of the object, and the three 

angles #¢, 9 , and 7 , knowledge of which is necessary for control of the ob- 

Ject's motion. The coordinates of the center of gravity O are measured by means 
of the so-called navigation systems, which perform this operation either semi- 

! automatically or automatically. If the moving object is an airplane and is not 
equipped with an automatic or semi-automatic navigation system, its location with 
ene to the earth -- in other words, its location with respect to the system 


 AX0YoZo» which in this case is referred to the earth -- is determined by the pilot 


_OP navigator, using aerial-navigation techniques and the appropriate immediate- 
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evaluation devices. 


ees 


There are in existence several types of navigation systems which differ 
from one another in operating principle. Ore of these -- the inertial-navigation 
systen, for which floating gyroscopes have also been developed -- will be dis- — 
cussed in general terms in the last chapter of this book. 

Although determination of the coordinates of the center of gravity 0 of the 
object, i.e. its location, is possible and was accomplished for some time without 
the aid of gyroscopes, no generally relinble method exists for direct determination 
without the use of gyroscopes of the angles * , #@, and vy for an object moving 
through the air. 

Let us assume that the system Axgyoz%p is inertial and that the axes Of4¢ 
are respectively parallel to the axes Axpyozo; now consider the manner in which it 
will be possible, using gyroscopes with three degrees of freedom, to determine the 
angles ¢§ , # , and 7 for this case. ‘The case is characterized by the necessity 
of determining these angles with reference to the axes 0 ¢ vf, which, like the By 
axes AXpYoty, have fixed orientations in inertial space. To make it possible to 
measure the angles ¥ , ¢ , and vy , therefore, it will first be necessary to 
reproduce the axec O€9{ ina concrete form -- either together or separately -- 
“tn the moving object. For this purpose we may use a gyroscope with three degrees 
of freedom, which, as indicated in Sec. 2, will possess the ability to maintain 
its spin axis rigidly ins given direction in inertial space. 

A simplified drawing showing the destin of a gyroscope with three degrees of 
freedam appears in Fig. 1.7. The gyroscope ro‘or and the inner frame of the gimbal 
suspension together form, the so-called gyromotor. The gyroscope shown in Fig. 

1.7 bas an alternating-current gyromotor, which is usually built as an asynchro- 
nous motor with a short-circuited rotar which revolves at constant speed. Asa 


rule, the inner frame 2 of the gimbal suspension is given the farm of a closed a. 


@- 
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shell -- a practice based on considerations of principle. 

Let us mount the gyroscope housing 5 in a moving object, e.g., the rocket 
shown in Fig. 1.5, in such a way that the fixed point 0 of the gyroscope (Fig. 
1.7) coineides with the center of gravity O of the object, and tne axis of rota- 
tion of the outer gimbal frame is directed along the normal Y axis of the object. 
The longitudinal and transverse axes of the instrument housing ere made to coin- 
cide with the longitudinal (X) and traneverse (Z) axes of the object, respectively. 
(Figs. 1.5 and 1.7). Let us further direct the spin axis (z)of the gyroscope 
along the ¥ axis of the system Q € #{. This arrangement makes the spin ax‘s 
@ concrete reproduction of the % axis. With#¥= 927 30, the axis of rotation 
XY of the outer frame will coincide with the { axis, and the axis of rotation of 
the inner frame with the axes Z and ¢ , which are coincident in this instance. 


The disposition of the axes for » = ® = 7 is shown in Fig. 1.7. We 





| Fig. 1.7. Simplified drawing showing construction of gyroscope with three 
degrees of freedom, 1) Bearings of outer gimbal frame; 2) inner gimbal 
frame; 3) bearings of inner frame; 4) gyromotor stator; 5) gyroscope 
housing; 6) outer gimbal frame; 7) gyroscope rotor. 
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have noted thet the device is positioned in such a way that the fixed point 0 
of the gyroscope coincides with the center of gravity 0 of the object. This 
condition 4s by no means obligatory, however, and has cnly been made to make the 


discussion clearer. 

If the object, together with the gyroscope housing, is now rotated with 
reference to the system of axes 0 € 4%, the following will take place as a result 
of the directional stability of the spin axis in space: 

1) the housing of the gyroscope will turn through a certain angle ¥° 

‘about ite axia of rotation with respect to the outer frame; 

2) the outer frame will turn through a certain angle 6’ with respect to 
the inner frame about the latter's axis of rotation; 

3) the inner frame will turn through a certain angle y' about the spin 

axis z of the gyroscope. 

In the general case, these three angles ¥’, »', and y’ will not be equal 

ae the anglesy , %, and 7 , but will be known functions of these three engles. 
As will be seen upon examination of Fig. 1.7, however, the gyroscope shown in 


| 


, Sls figure can only be used in one way or another to measure the angies ¥’ and 
e’ « It will be ‘mpossible to measure the angle y ’ because the body of the 
gyroscope rotor is in continuous rotation relative to the inner frame. In what- 
= position we place the gyroscope with three degrees of freedom, it can only 
be used to measure two angles--the angle of rutation of the housing with respect 
_ to the outer frame, and the angle of rotation of the outer frame relative to the 
: inner frame. We cannot measure the angle of rotation of the inner frame about 
the spin axis because the rotor spins uninterruptedly. To render it possible to 
measure all three angles with a single instrument, the device would need a com- 
ponent whose orientation in space was constant, rather than an axis of the type 


- which is found in the case of the gyroscope with three degrees of freedom; in this 


| case we would have only two equations for determination of the three angles #¥ , 


@,and 7 : 


AGO DHS one A148 =O. 


Thus it is impossible to determine all three angles ¥ » @9, and Y by means of a 
single gyroscope with three degrees of freedom. In practice, two such gyroscopes 
are used for this purpose. It is desirable to install these gyroscopes in the 
. object in such a way that they produce direct measurements of the angles which fn- 
terest us: ¢&@, @, and +. However, this can be accomplished only in the cases 
of @ and 7 . The reason for this ts as follows. The axis of the device about 
which the angle that it measures directly is reckonei will be designated the ir- 
strument's measurement axis. For the angle measured directly by the device to be 
equal to the angle in which we are interested, {t would be necessary for the 
measurement axis of the instrument to coincide with the measurement axis of that 
angle. The mcasurement axis of the angle ¥ is the { axis (Fig. 1.6), whose 
orientation in space is fixed. 


The spin axis a of the gyroscope alone retains its fixed orientation in 


space when the object is subjected to arbitrary motion. However, it is impossible 
, to make use of this as the measurement axis of the instrument, since -- as we have 
' already noted -- it is impossible to measure angles of rotation about it. All the 
‘ehtenittix measurement axes of the instriment are subject to one form of variation 
ee another in their orientation in space when the object is moved in an arbitrary 
“fashion. Thus direct measurement of the angle ¥ is not possible in the general 

case, 
| In avder to obtain signals Propartional to the angles which are measured 
jee by the gyroscopes, ve must equip them with contact-type or contactless 


detectors (pickoffs) of one kind or another. Let us assume that our gyroscopes 
i ‘ 
| 


Me i el ee es ne 
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| 
are providea with potentiometer pickoffs, 
' | 
Let us consider the problem of positioning the gyroscopes for measurement 


I 





é 


of the angles ¥ , &, and »y . One of the pair of gyroscopes uned for tie neasure- 
| | 
ment of these angles will be used to determine gy and vy , and the other for 
| ; 
measurement of y . Let us examine first the gyroscope with which it is intended 


to measure @ and 7 , referring tc Fig. 1.8. The housing of the instrument is 
installed in the object in such a way that the axis of rotation 1 of the outer 
gimbal frame lies along the longitudinal waz of the object (Fig. 1.8), while the 
tranaverse axis orf the instrument edetnd (the axis of rotation of the bail ring 
10) coincides with the object's transverse axiu Z. The coincidence of these axes 
is not mandatory, however; it is wdonted! nex as an aid to description. It ia 
only necessary for the axis of rotation of the outer frame and the transverse | 
axis of the housing to be parallel to the longitudinal and transverse axes of the | 
housing, respectively. | ; 


& The spin axis z of the gyroscope must be directed along the ¢ axis of the 


ry 


system O € ¥sin order to reproduce the latter axis in a concrete form. In this 


case, the 2) axis will coincide with the geometric axis of rotation of the inner 
| 


| 


1 


| 
gimbal frame 2 (Figs. 1.6 and 1.8). With the instrument housing and gyroscope in 
this position it develops that for ¥ = d=: 7 <0, the X axis coincides with the 


9 axis, the Y axis with the z and f axes, and the Z axis with the & axis, as 
| 


shown in Fig. 1.8. The measurement axes ‘of the device are the X and Z axes; the 


angle 7 must be measured about the former, and the angle J about the latter. 


! 


Since the X axis is the measurement axis ‘vor the angle 7 (Fig. 1.6), this angle 
will be subject to direct measurement. ant the Z axis does not generally 
coincide with the measurement axis 2) of the angle @ , the reasurements of this 


angle will be subject to error. What ize Mie to measure the angle 8 directly 


, 


will be described belov. | 
9° 
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Fig. 1.8. Simplified drawing showing construction of a gyro- 


scope designed for measurement of the angles 8 
and 7. 

1) Outer gimbal frame; 2) inner gimbal frame; 3) 
gyroscope rotor; 4) gyromotor stator; 5) poten- 
tiometer for angle y ; 6) wiper of potentiometer 
for angle 7 ; 7) center-point tap of potentio- 
meter for angle y ; 8) gyroscope housing; 9) dog; 
10) bail ring; 11) potentiometer for angle 0 ; 
12) wiper of potentiometer for angle #8 ; 13) 
center-point tap cf pctertiometer for angle 9 . 


Potentiometer pickoffs are mounted on the measurement axes of the device. 
The wound potentiometer carcasses 5 and 11 are attached to the instrument housing 
8 at the X and Z axes, respectively. The wiper 6 of the potentiometer 5 is 


mounted on the outer gimbal frame. The wiper 12 of the potentiometer 11 is at- 


| tached to the bail ring 10, which is carried in bearings located in the instrument 


| housing on the measurement axis Z. This enables the bail ring to rotate relative 


' to the instrusent housing about the Z axis. The roller of the dog 9, which is 


_ mounted on the inner gimbal frame and coincides with the negative part of the 
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Zz axis, inserts into the slot of the bail 
ring. This roller is free to travel along 
the bail-ring slot. When #@= 7 = 0, 
i.e. when the Y axis coincides with the 
z axis, the wipers 6 and 12 are located 
opposite the center taps 7 and 13 of the 


potentiometers. Under these circumstances, 





their output voltages will be zero, as 
will be seen from the potentiometer cir- 
cuit diagram presented in Fig. 1.9. When 


Fig. 1.9. Potentiometer circuit dia- 7 
gram. 1) Center point of potentio- the Y axis does not coincide with the z 
meter winding; 2) potentiometer wind- 

ing; 3) potentiometer wiper. axis, the output voltage U,,; of each 


potentiometer is proportional to the 
; angle of rotation of the wiper about the centerpoint of the potentiometer. The 


polarity of the output voltage is determined by the direction in which tne wiper 


is deflected. \ 
Let us find the angles of rotation of the wipers with respect to the 


potentiometer centerpoints as they appear on rotation of the housing through the 


angles ¥ » @ , and 7 , We shall refer for this purpose to Fig. 1.10, in which 


the axes OXYZ occupy arbitrary positions with respect to the axes O vf . The 
=i — 
centerpoint 7 (see Fig. 1.8) of the potentiometer 5 lies in a plane which passes 


through the X and Y axes, i.e.,in the plane XOY. The wiper 6 of this potentiome- 


ter is situated in a plane passing through the X axis and the gyroscope spin axis 


zZ,i.e.,in the plane X0Oz. Thus the angle of rotation of the wiper 6 relative to 


the centerpoint 7 of the potentiometer 5 will be equal to the dihedral angle be- 
_ twean these planes. It is ovvious from Fig. 1.10 that this angle is the angle 
1 . Accordingly, the output voltage of the potentiometer 5 will be directly 


proportional to the angle ¥ . In other words, measurements of the angle ywill nit 


be subject to error. 
| 


ee, 
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The centerpoint 13 of the potentiometer 11 lies in the plane of the ¥ and Z 
axes, or in the plane YOZ (Fig. 1.10). ‘he wiper 12 of this potentiometer occu- 
pies the plane of the axcs Zand z ei.e.,the plane ZOz. The angle of rotation of 
the wiper 12 with reference to the centerpoint 13 will be equal to the dihedral 
angle between these planes. Let this be denoted by eo’ . To determine thia 
angle we refer to the right spherical 
triangle ABC (Fig. 1.10). From this we 
have 

ton Bemsin (90° + y)ca0d’. 
It follows that 


ste att*. (1.7) 


cosy 
Thus the angle 9’ , which is mea- 


sured directly by the instrument, will 





‘mot be equal to the angle 4. Measure- 
| 


Fig. 1.10. Determination of angles of ments of the angle @ will be subject to 
rotation of wipers relative to 


potentiometers of a gyroscope @n error which increases as y . The 
designed for measurement of angles 
o and yy . reason for this was explained earlier. 


‘To obtain a literal measurement of 9 , 
it would be necessary to place the peveut actus not on the Z axis of the housing, 
, but rather on the axis of rotation x of the inner frame, which, in the instance 
‘ under consideration, invariably coincides with the measurement axis Z) of the angle 


| ‘ 
_@ (Figs. 1.6, 1.8 and 1.10); the positive directions of the x and Z) axes are 


| directly opposed. For this Purpose it would be necessary to mount the wound car- 

‘cass of the potentiometer on the outer gimbal frame and attach the potentiometer 

Wiper to the inner frame of the wyroscope (the converse arrangement could also be 

used, but this would be less convenient from an engineering standpoint). In this 
case the angle of rotation of the wiper relative to the potentiometer will be 

: equal to the dfhedral angle between the planes YOZ, {the plane of the potentiame- 


( 
1 
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ter centerpoint) and 20Z, (the plane of the potentiometer wiper), which (angle) is 
equal to @ , as seen from Fig. 1.10. As a rule, however, the @ potenticmeter of 
an automtic pilot is placed on the Z axis of the instrument housii:g, as shown in 

_ Fig. 31.8. The reason for this is the fact that elevator control must be a function 
of 0’ rather than # for correct autamtic piloting. Furthermore, this location 
of the potentiometer permits reduction of the number of current leads to the outer 
frame of the gyroscope and relieves its bearings of the weight of the potentio- 

| meter. It will be seen fron Formula (1.7) that the angle 9’ is practically equal 

to @ at small angles 7 , since we my assune, in this case, that cos » *~ 1. 

However, if it is required that an electrical signal proportional to the angle @ 
be developed with the potentiometer located on the instrument housing, it will be 

necessary to multiply the voltage obtained fram the potentiometer for 0 (more 

properly, «’ ) by the cosine of the voltage recorded by the y potentiometer. 

Let us turn now to consideration of the gyroscope whose function it is to 
| measure the angle ¥ (Fig. 1.11). The tneteument 4s placed in the object in the 

| wanner outlined in connection with Fig. 1.7. The measurement axis of the device 


| is the Y axis (Fig. 1.11). The wound carcass of the potentiometer is accardingly 
| meena on the instrument housin,, while the potentiometer wiper is attached to 


the outer gimbal frame. for determination of the angle of rotation ¥ "of the 
| 
; 


| ject (of the axes OXYZ) with respect to the axes O €ef , let us turn to Fig. 


wiper with respect to the potentiometer, given an arbitrary position of the ob- 


1.12. The centerpoint 6 of the potentioneter 7 (see Fig. 1.11) 18 situated ina 
"plane which passes through the X and Y axes,i.e.,lies in the plane XOY (Fig. 1.12). 
“The potentiometer wiper 5 falls in a plane passing through the Y and z axes (Fig. 
a2), i.e.,lies in the plane YOz (Fig. 1.12). The angle of rotation of the wiper 

/2 with respect to the potentiometer 7 is equal to the dihedral angle between the 
gabon’ planes jhees » the angle 4’ (Fig. 1.12). Applying the cotangent formula for [ 


1 


| | 
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Fig. 1.11. Simplified drawing showing construction of gyro- 
scope designed for measurement of angle ¥ . 

“ Outer gimbal frame; 2) inner gimbal frame; 

3) eyramotor rotor; 4) gyroamotor stator; 5) poten- 
tiometer wiper; 6) center-point tap of potentio- 
meters 7) potentiometer; 8) gyroscope housing. 

| ° 

the spherical triangle ABC, we obtain 

| 
cot (90° — ¢) sin (90° — x)- = cos (90° — x) cos (90 + 6) + 


+ sin (90° | ¥)... (90°— 4’). 


| 
This gives 
fant cosy + sin y sin § 


emt ~ (1.8) 


tan v= 


It is seen from this formula that the angle 9’ will be equal to or 
| sought angle # only for 7 = # =0. ‘The error in the determination of the 


angle y , which we shall designate the gimballing error, vill be equal to 


ag -= ¢v -¢ = arc tan 04.0081 + Sin sia O —4¢. 
| ~ (1.9) 


' This is the most general form of the formula. If we set # here equal to zero, 


| we shall obtain the formula usually presented in the literature for the gimballing 


Le. - = 
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error due soleiy to the presence of an angle vy . 

A voltage propartional to the angle ¢ may be obtained by correcting the 
output voltage of the potentiometer, which is proportional to ¥’ » in accordance 
with the formula " 

tem (<— (1.10) 
-- which 4s derived from Equality (1.8)-- 
using the output voltages of the poten- 
tioneters for the angles Y and 9 . 
It will be seen from Formula (1.4) 
that if the angles J and Y are sucn 
that the product of their sines may be 


neglected and their cosines assumed 





equal to unity, the angle y’ will be 
equal for practical purposes to the 
! Fig. 1.12. Determination of angle of angle y . 
rotation of wiper with reference 
to gyroscope potentiometer designed Thus we have seen how two gyro- 
to measure the angle 4. 
scopes with three degrees of freedom may 
| De used to determine the angles » , 3 , and Y , which characterize the 
position of an object (aircraft, rocket, etc.) with reference to a system Ofnt 
, (see Fig. 1.5) having a fixed orientation in inertial space. 
i Wow let us consider means of determining the position of an object, €.8-) 
an aircraft, with respect to the earth by the use of gyroscopes with three de- 
| grees of freedan. We shall relate the axes Axoyozo (see Fig. 1.5) to the earth, 
for example, by placing their origin A at the point of take-off. Let the 2% axis 
' pe directed vertically upward, then the Xo and yo axes will lie in the horizontal 
Plane. We stall assign "geographical" orientations to these axes: the Xo axis 
: will be directed to the east, and the y. axis to the north. The origin of the 


axes O€% $ (Fig. 1.5) will be connected to some point of the moving object 


dee ee ee as 
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(aircraft, etc.)--e.g., to its center of gravity O--and we shall assign orientations 
to these axes similar to those given the axes AX YozZo° Here the g axis will be 
directed vertically upward; the E and #7 axes will be horizontal, with the 
axis pointed eastward and the %) axis toward the north (Fig. 1.12). As previously, 
we shall only concern ourselves with deterrination of the position of the ob/ect, 
or, in other words, the axes OXYZ connected to it (Fig. 1.5), with reference to the 
axes O§ C - As before, this position will be characterized by three angles: Ww, 
ad and y (Fig. 1.6). In this case these angles bear the following designations: 
W is the course angle (or, more properly, the course with its sign changed), a 1s 
the pitch angie, and x is the roll angle. However, the orientation of the axes 
0 €”€ in inertial space, although fixed 
in our previous discussion, will now vary 
continually, even in cases where the ob- 
Ject is stationary with respect to the 
earth. The instantaneous angular velocity 
of the axes 0 £7 [ in inertial space 1s 
the sum of the following three velocities 
(Fig. 1.13): 

1. w, the engular velocity of the 





r na earth's diurnal rotation, since the system 

Fig. 1.13. Orientation of axes Oo Ent rotates with the earth; 
0 7 in determining nesittion of . 
object (e.g., an airplane) with re- 2. Y, the rate of change in 
spect to the earth. R) Radius of 
earth; } , @ ) geographical coordin- latitude due to motion of the objJject 
ates (longi tude and latitude) of point 
A directly beneath object; h) alti- with reference to the earth along a 
tude; v,, v,,) e:st-and north-directed 

“EY -N meridian arc at a velocity v,. 
components of ground speed of object; “N 
a ) angular velocity of earth's di- Since angular velocity 1s equal to cir- 
urnal rotation; @, X) angular rates 
of change in latitude and longitude cumferential velocity divided by the 


due to motion of object with veloc- 


ities Yy and Ye° 
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radius, we may write (neglecting h as small by conparison with R) 


oun 
R 


= (1.11) 


The velocity Yn is considered positive when directed toward the north. Thus when 
Yn is positive, the velocity ? is in the negative direction of the E axis. 

sh » the rate of change in longitude due to motion of tne object with 
respect to the earth along a parallel with a velocity Ye which is considered 
pesitive when directed eastward. Dividing the circumferential velocity Ye by the 


radius of the parallel, which is equal to R cos Y, we obtain 


in (1.12) 





The vector of the velocity \ is directed along the axis of diurnal rotation of 
the earth, just as is the vector of the velocity W,. 
For the sake of convenience, we shall transfer the compcsite vector ce +X 


to the origin O of the system of axes 0 En C. Ietu_, By and u_ denote the 


E C 


projections of the instantaneous angular velocity of the system 0 ES onto the 
g, y» and C axes. It is seen from Figure 1.13 and Formas (1.11) and (1.12) 


that 


gas Os ee 

ay Ld R' 
Ve 
B= (0 + A)cos ¢ = 4, cose + —> 


uc = (w, +2) sin gere,sin g + Sing. (1.13) 


In the case under examination, as in the case where the orientation of the 


system 0 50 in space remained invariant, two gyroscopes with three degrees of 
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freedom, dispoeed in the object as shown in Figs. 1.8 and 1.11, are used to 
measure the angles ¥ , 9 ,and 7 . In addition, everything said in con- 
nection with the relationships between the angles measured directly by the gyro- 
scopes and the angles 4 , gy , and y remains fully valid. Here, however, 
in arder to create combined or iniividual concrete reproductions of the axes 
Oges in the object, it will be necessary to correct (to vary) constantly the 
directions of the spin axes of both gyroscopes in inertial space, i.e.,to set the 
spin axes rotating in inertial space in such a wey that they maintain the re- 
quired positions with reference to the earth. The spin axis z of the gyroscope 
to be used for measurement of the angle ¥ must be horizontal and directed toward 
the north, f.e.,must coincide with the ¥ axis (Fig. 1.13); the spin axis z of 
the gyroscope viene function is measurement of the angles 9 and v7 should retain 
its vertical position, that is, coincide with the ¢ axis (Fig. 1.13). 

It follows from the law of precession that a corresponding external moment 
must be applied to the gyroscope in order to shift the spin axis in inertial 
space at the desired velocity. The devices used to generate this moment are 
extremely varied in nature, but the camonest one at the present time is the 
torque generator (we shall refer to it as the tarquers) which is installed on the 
axes of the outer ani inner gimbal frames. Torquers vary in design and working 


principle. Flat, asynchronous two-phase multipole reversible motars with short- 


. circuited rotors of the squirrel-cage type, operating in the shart-circuited 


condition, are frequently used as tarquers. A torquer of this kind is often 
termed a motor-corrector or a correction motor. 

A torquer fitted to the axis cf the outer frame ard applying to the gyro- 
scope ea moment which acts about this axis will be referred to as an outer-frame 
torqguer; similarly, a torquer applying a moment to the gyroscope about the axis 


of rotation of the inner frame and mounted on this axis will be called an inner- 


i 
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frame torguer. 

Instead of mounting the inner-frame tcrquer on the inner gimbal frame, we 
may locate it on tie Z axis of the instrument housing with the stator on the left- 
band wall of the housirg ani the rotor on the shaft of the batl ring 10 (see Fig. 
1.8;the torquer does not appear here). In this case the tarquer moment would be 
transmitted to the gyroscope through the bail ring 10 and the dog 9. This posi- 
tion is to be preferred in certain cases; in others, however, it is generally un- 

, guitable. Moreover, it considerably complicates the laws governing the moment 
| generated by the torquer and makes it a function of the angle #¥ , even with 
@ = 7 = 0, which is a highly undesirable situation. Accordingly, we shall 
assume that the inner-frame torquer is mounted on its axis of rotation, with the 
stator on the outer frame ani the rotor on the inner frame. 

As previously noted, the outer- 
frame torquer is mounted on the axis of 
rotation of this frame, with its stator 
on the instrument housing and its rotor 
on the outer frame. 

Figure 1.14 presents a schematic 
drawing showing the construction of a 


@yroscope equipped with two torquers 





7 and designed for measurement of the 


angle # . The position of the hous- 
_ Fig. 1.14. Simplified drawing showing de- 


sign of gyroscope equipped with two ing with reference to the axes Of wf 
torquers for messurement of the angle ¥. : 
1) Outer gimbal frame; 2) inner gim- in Fig. 1.14 corresponds to the case in 
bal frame; 3) gyroscope rotar; 4) 
gyromotar stator; 5) potentiometer which © = 8 #8 Y £0, 
wiper; 6) center-point tap of poten- 
tiometer; 7) potentiometer; 8) gyro- The spin axis z of the gyroscope 
scope housing; 9) stator of inner- 
frame torquer; 10) rotor of inner- must be horizontal and directed toward 


frame torquer; 2} stator of outer- 
frame torquer; 12) rotor of outer- 
frame torquer. 


the north, f.e., must coincide with the vaxis (Fig. 1.13) 


at all times. To 


do #o it must rotate in ineitial space about the & and f{ axes with the veloci- 


ties o and u_ given by Equalities (1.13). 


f 


Let us establish the moments which 


the torquers must develop in order to effect the required rotation of the spin 


axis in inertial space. 


The argument will refer throughout to Fig. 1.15, in 


which the axes OXYZ occupy an arbitrary position, characterized by the angles ¥ 


@ , and vy , with respect to the axes Ognt. 


The gyroscope spin axis z is 


drawn coincident with the 4 axis, i.e.jin the required position. The systen 0 


€e gis oriented cs show in Fig. 1.13. Let us determine first the position of 


the axis of rotation of the inner gimbal frame. 


It is clear from Figs. 1.14 and 


1.15 that thie axis must coincide with the line of intersection of two planes 


which pass through the point 0: 


axis of rotation Y of the outer frame and the plane 


dicular to the spin axis z. 


Fig. 1.15. 
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the plane XO0Z, which is perpendicular to the 


» which {is perpen- 


Extending these planes, we find their line of 
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intersection, which is the negative part of the axis of rotation x of the inner 
frame. Extendirg this axis through the point 0, we obtain the positive axis of 
rotation x of the inner frame. 

The position of the x axis is determined by the two angles y’ and 7 A 
The angle y’ is given by Formula (1.8). Let us deternine the angle 7° fram the 
spherical triangle DEF. Applying the law of sines, we have 


sin (90° +7) (90° 44) 
sin (0U°-+ 4) sin (90° - $) 


It 2cllows fraa this that 


Os 7’ és ¥ 
z= ~ 
cosy T cosy 


(1.14) 


Now let us determine the angle between the frames of the gimbal suspension, which 


we shall designate @ . Applying the law of sines to the spherical triangle 


ABC, we may write 


sin@ -wn (97 — % 


sin (90°+ 8) = sin (90°— 9) 


This gives 


Cina ; (1.15) 


sin@mcosd 
cos y 


The moment x genereted by the inner-frame torquer and the moment My 
generated by the outer-frame torquer are represented in Fig. 1.15 in the positive 
sense of their vectors. The moment M, gives rise to precession of the gyroscope 
about the axis of rotation Y of the outer frame at a velocity which, in accordance 
with Formula (1.4) is equal to 

Cee (1.16) 


Hosins ” 
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Correspondingly, the moment My causes frecession at a velocity 


~My 

2, Manat (1.17) 
about the axis of rotation x of the inner frame. The minus sign in Equality 
(1.17) efgnifies that positive moments M, Produce precessional velocities directed 


along the negative part of the x axis, 


Let us project the velocities 9g x end y onto the &€ , ¥ ,andt 


axes. Fig. 1.15 gives 


Cu= — 2, cos x’, 
2,,=0, 
Q,.= Q, sin x. 


Substituting Equality (1.17) in the above, we obtain 


2,,=0, (1.18) 


Using the direction cosines given in Table (1.6), we may determine the projec- 


tions of the velocity o y onthe § , 9 , and ¢ axes: 


Qy= Q;cos sin oe 
2), Sy sins sing, 
Q,.= 2; cos cos y. 
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Substituting Equality (1.16) in the above, we obtain 


Hsing 
= M, 
Hsin 


— M, - 
ai:= Hsin 


(1.19) 


2), 


Qys : Ms cuss sin te | 
sin y sin x, | 


cas # cos x. 


Taus the velocities of rotation of the gyroscope spin axis about the & and ft 


axes under the influence of the moments x and My are 


i ‘ (Aly cos x’ + M, cos4siny), 
in 


5 Q = 244+ Qn = iti 


(1.20) 


Q. we Qy¢-+ Qn = t (— My sin y’ + M, cos 8 cos 1). 
° H sine s 


These velocities should be equal, respectively, to the velocities Ue and u rc 


Replacing a, and a, in Equations (1.20) by Ue and u, , respectively, and 


solving for M, and My, we obtain 


f -L wu, cosy’) sine 
ana et Pe Cota 7 ae ycoxy’ ” 
icihe ieguibeer ima: (1.21) 


M nH cos 8 cos 7 — u. Cosy Cos 1) sin 4 
y= es -—- . 


cos y sin Sin 7” + COS A COs 7 COs 7’ 
The velocities Ue ? a, and the angles 7’ ? ; are determined from Equalities 
(1.13), (1.14) and (1.15). It will be seen from Formula (1.21) that the moments 
My and My are rather complex functions of the velocities u t and u 5 and the three 


angles s’ » © , and Y measured by the two &yroscopes with three degrees of 


freedan. 
Thus we see that it will be necessary for the torquers to apply the moments 


& and My -- as determined by Formulas (1.21) -- to the gy-oscope if its spin 
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axis is to remain at all times horizontal and directed northward. Let us assume 
that the moment generated by the tarquer is proportional to the control current 
supplied to it. For this it is necessary that the control currents of the 
torquers be governed by the same laws (1.21) as the moments M, and M,. Computing 
amplifiers may be used to obtain such currents. Voltages proportional to 1 ? 
v » and +” » © » Y must be delivered to the amolifier input. It should 
produce currents at its output corresponding to the laws governing the moments 
(1.21). 

The laws governing the moments which must be generated by the tarquers of 
the gyroscope used to measure the angles @ ad y may be determined in a similar 
fashion. 

Throughout the discussion we have assumed that the gyroscope is not sub- 
Ject to drift, end consequently that the Spin axis rigidly maintains the direc- 
tion in inertial space originally imparted to it, ar rotates in exact conformity 
to the control signals supplied to the tarquers. However, every gyroscope of 
the type under consideration is in practice subject to drift arising from friction 
in its bearings, noncoincidence of the center of gravity of the Gyroscope with 
its fixed point, and a number of other factors. The drift velocity ( or drift 
rate) is not constant ,y and includes considerable accider:tal components. As noted 
previously, the systematic component of the drift velocity may be compensated by 
the application of moments generated expressly for this purpose by the torquers. 
Compensation for the accidental drift-velocity components is imponaible. The 
Problem of attaining maximal drift suppression by all practical means is there- 
fore highly important in the design and manufacture of the gyrescopic instru- 
ments under discussion. Considerable Progress bas been achieved in this regard. 

The most general formulas are those given in (1.21). In a number of 


cases it is possible to resort to simplification, which consists in neglecting 
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individual values which eppear in them, or disregarding them for reasons of f.in- 

ciple. It should be noted that the moment applied to the gyroscope establish 

the desired motion of the spin axis in inertial space {its position with respect 
e 

to the earth) may be generated by a variety of technical means, and not necessar- 

ily by the use of torquers of the type described here. 

In the majority of devices constructed and used in practice for measurement 
of the angles ¥ , # , and 7, the gyroscope spin axis is maintained horizontal 
(or vertical) not by applying to the gyroscope roments which are definite functions 
of the velocities . sdyo and 2 and the angles ¥’, o , and ¥Y Ly means 
of torquers, but by another method. A device whose gyroscope spin axis is to 
retain a vertical direction is provided with a mechanism sensitive to the position 
of the spin axis with respect to the vector of gravity, i.e., with respect to the 
vertical. If the spin axis deviates from the required position with respect to 
the gravitational vector, this mechanism actuates torquers (which, in this case, 
would be termed correction motors). The latter apply moments to the gyroscope 
which make it precess back to the required position. As soon as the spin axis has » 


returned to the required position, the sensing elements switch off the torquers, 


‘with the result that the moments developed by them revert to zero. In this case 


‘the moments are functions of the angles. through which the spin axis deviates from 


the required position. In instruments of this type, whose function is measurement 
of the angle ¥ , the position of the spin axis with respect to north may be left 


totally uncorrected, but is most frequertly corrected in a similar manner dy a 


magnetic or induction compass. In this case the instrument is equipped with a 


device which senses the deflection of the spin axis from the north and actustes 
the torquer on the inner gimbal frame. The outer-frame torquer is switched on ty 
a wechanism which senses the position of the spin axis with reference to the hori- 
zontal plane or, which amounts to the same thing, with reference to the gravity 


vector (the vertical). In this case, however, es seen from Fig. 1.15, the moment C 
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My will not only restore the spin axis to the horizontal, but also simultaneously 


produce a change in its azimuthal position; the moment Mee whose purpose is to 
correct the spin-axis azimuth, will simulteneously cause detieetion of this axis 
from the plane of the horizon. 

Due to the small magnitude of the precessional velocity, the oscillations of 
the pendulum which reproduces the gravitational vector end those of the corpnss 
card (magnetic needle) which reproduces the northerly direction will hardly exert 
any influence on the gyroscope. 

This method of maintaining the spin axis in the required position is the one 
most widely used at the present time. It ensures a comparatively high degree of 
precision. 

An ever greater demand for precision in maintaining the system O&# f in the 
required position--a particularly important function in self-contained navigation 
systems--has led to a situation in which the precision attainable by the methods 
considered above, using ordinary gyroscopes, is clearly inadequate. A way out of 
this situation has been found in the use of floating gyroscopes. Before turning 
to study of these devices, however, let us consider ve1y briefly the means by which 
it is possible to create a system capable of measuring directly not only the angles 


® and 7, but the angle ¥ as well. 


Section 4. The Stabilized Platform 


To be able to make direct measurements not only of the angles 8 and 7, but 
also of ¥, we must have an object which is stabilized with respect to the three 
axes OF 9 $, and thus constitutes a concrete repreduction of these axes It is 
customary to reter to such an object as a stabilized platform. Stabilization is 
accomplished by means of gyroscopes and the motors which they control. It may be 


effected by a variety of mechanisms differing in operating principle. In the 


F-TS-9910/V 40. 


ARae ee Oe re. 8 - a a 


ee 


ve» 


ar 


following we shall consider the manner in which the platform is stat‘lized with 
respect to the axes 0 £ 76 by means of three ordinary integrating gyroscopes, or--a 
superior arrangement from the viewpoint of precision--by three floating gyroscopes 
equipped with servodrives. We shall not concern ourselves with other statiliza- 
tion methods. It is pointed out that the precision stabilization required in the 
most critical self-contained navigation systems, and in inertial navigation systems 
in particular, can apparently be attained only by the use of floating integrating 
@yroscopes and properly selected servosystems. 

- From the standpoint of mechanics, the stabilized platform should represent a 
solid body with one fixed point with respect to the instrument housing, i.e., it 
should possess three degrees of freedom with reference to the latter. With this 
tn wey, the platform is installed in the instrument housing in the manner shown 
schematically in Fig. 1.16. 

The stabilized platform 1 is mounted on the shaft 9, which is carried in 
bearings located in the inner gimbal frame 7. To avoid cluttering the drawing, 
the shaft 9 is shown ‘n Fig. 1.16 with only one end supported, and the frames of 
the gimbal suspension is shown as open brackets. In actuality, both frames are 
closed to obtain the necessary rigidity, and the shaft 1s supported at u»th ends. 
Thus the platform and each of the framee are carried in two bearings. 

This permits the platform 1 to rotate with respect to the inner frame 7 about 


the axis c which is the geometric axis of the shaft 9. The inner frame 7 is 


‘mounted within the outer frame 5 of the gimbal suspension in such a way as to per- 


mit it to rotate with respect to the latter about the x axis (or, which amounts 


to the same thing, about the Z, axis, whose positive direction is opposed to that 


1 
of the x axie), which 1s perpendicular to the c axis. Minally, the outer frame 5 
is installed in the instrument housing 2 in a manner which permits it to rotate 
with respect to the latter about the X axis, which is perpendicular to the x axis. 
The axes 0 E Uns are attached to the platform and bear a fixed relation to it. 


The axes OXYZ bear a fixed relation to the object, and thereby to the instrument 
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Fig. 1.16. Stabilized Platforn. 1) Platform; 2) instrument 
housing; 3) flange with bearing for outer gimbal frame; 4) 
circle showing angle of rotation of instrument housing with 
respect to outer frame (read-off scale for angles y)3 5) 
outer gimbal frame; 6) circle showing angle of rotation of 
outer frame with respect to inner frame (read-off scale for 
angles ,7); 7) inner gimbal frame; 8) circle showing angle 
of rotation of inner frame with respect to platform (read- 
off scale for angles ¥ ), 9) axis of platform. 


housing 2. All of the above axes have their origins at the point QO. 

The instrument is installed in the object in such a way that the axis of rota- 
tion of the outer frame 5 is directed along the longitudinal X axis of the object, 
and at y = JF = Y =O (see Fig. 1.6) the § and Z, axes coincide with its /sic/ 
transverse Z axis, the » axis with its X axis, and the f axis with its normal Y 
axis. , 

let us assume that the platform 1, and therefore the exes 0 BnS§ attached to 
it, are in one way or another either stabilized in inertial space or made to rotate 
with respect to it in a specified manner, e.g-., in the same manner as the axes show 
in Fig. 1.13. If the object, together with the instrument housing, now rotates in 
some arbitrary manner with respect to the axes Q E §» which are reproduced by the 


platform 1, the result in the general case will be as follows (see Figs. 1.16 and 
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1.6): 

1. The inner frame 7 will rotate through an angle ¥ with respect to the . 
platform 1 about the ¢ axis. The rotation will amount to exactly this ang gle by 
virtue of the fact that the ¢ axis is the measurezent axis for the angle ¢. The 
angle reading may be taken with the aid of the indicator 8, which consists of a 
scale attached to the frame 7 and an arrow attached to the shaft 9. 

S. The outer frame 5 will rotate abcut the Z) axis, which !s always located 
in the plans é 04, passing through an an‘le 8 with respect to the inner frame T> 
since the Z) axis is the measurement axis for the angleg. The acale § provides 
readings of the angle é. 

3. The instrument heusing 2 rotates about the X axis through an angle ¥ 
relative. to the outer frame 5, since the X axis is the axis of measurenent of the 
angle 7 . The reading for this angle is taken from the scele 4. 

In the actual instruments, pickoffs, which exit electrical signals proportional 
to the angles #6, ® , and 7 are used instead of the angle-reading devices. 


Thus the construction described above permits measurement of the angles ¥, 


@, and 7 directly, i.e.,it 1s unaffected by any gimballing erior. 


Tet us consider the similarities and differences between the present device 
(see Fig. 1.16) and the gyroscope with three degrees of freedom represented in 
Fig. 1.8. It has been shown above that the gyroscope in Fig. 1.8 enables us to 
obtain direct measurements of the angle 7, and slso the angle J, provided the - 
potentiometer is installed on the Z) axis in the same manner as the visual indicator 


of the device shown in Fig. 1.16. Measurement of the angle #¥ with the gyroscope 


, in Fig. 1.8 was impossible due to the fact thet the gyroscope rotor is in continu- 


ous motion about the spin axis, so that its position in space ig subject to cont inu- 
ous variation; only the spin axis = retains a fixed direction. Hence, if it were 
possible for a gyroscope to retain all of its properties with the rotor stationary, 


{t could be used to measure the angle # aa well, and could do this directly. 
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However, no gyroscope retains all of its characteristics when the proper rotation 
of its rotor ceases. 

The ‘device shown in Fig. 1.16 embodies the concept of a gyroscope with three 
degrees of freedom and a nonrotating rotor. The vimbal-suspended stabilized 
platform 1 simulates the gyroscope with three degrees of freedom and nonrotating 
rotor. The platform itself represents the rotor, the shaft 9 its axis, and the 
axis the spin axis. The platform is capable of rigid retention of a position in 
inertial space imparted to it, or of varying it in a specified manner in response 
to appropriate correcting signals. The measurement axes f, ey and X of the 
platform coincide with the measurement axes of the angles ¥, 90, and ¥ (see 
Fig. 1.6). Thus the platform, which is stabilized with respect to the three axes 
Of $, renders possible direct measurement of all three angles ¥, 8, and 7. 
In inertial-navigation systems, two accelerometers, which measure the acceleration 
of the object in inertial space in the directions of the —, and * axes are 
mounted on the platform 1. Sometimes a third accelerometer is included to detect 
acceleration along the { axis. The output signals of the accelerometers are 
subjected to double integration with respect to time. The first integration yields 
the projections of the linear velocity of the object onto the € and % axes; the 
second gives the component distances traveled along these axes. 

As already noted, either ordinary or floating gyroscopes may be used to 
stabilize the platform. However, the platform drift obtained in the use of ordin- 
ary gyroscopes is inadmissibly large for the purposes of inertial-navigation 
systems. In this case the basic factors producing drift are the considerable mag- 
nitude and variability of the frictional moments which arise in the gimbal-sus- 
pension bearings of the gyrosccpes, and imperfect balancing. These factors are 
virtually eliminated in the floating gyroscope~-a fact which ensures stabilization 


with a high degree of precision. 


iE 
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Bection 5. The Differentiating Gyroscope 


The differentiating gyroscope is a gyroscope with two Ne avesa of freedom 
(see Fig. 1.1) equipped with some device (mechanical or electrical) which, upon 
deflection of the gyroscope frame from a given position (referred to as its initial 
position), applies to it a moment proportional to the angle throush which the frame 
is deflected and tending to return it to its initial position. Such gyroscope3 
are generally further provided with dampers the function of which is to suppress 
oscillations of the frame about its axis of rotation. The damper generates and 
applies to the frame a moment proportional to the angular velocity of the frame 
about its axis of rotation. , 

The differentiating gyroscope gerves to measure the angular velocity of rota- 
tion of its housing about an axis perpendicular tc the axis of rotation of the 
gyroscope frame and to the initial position of the spin exis (the position occupied 


by the spin axis when the measured angular velocity is zero). The construction of 


a differentiating gyroscope is shown schematically in Fig. 1.17. The rotor 3 ia 


carried in the fram and rotates with respect to the latter about the z axis with 
a constant angular velocity @. The frame 4 is mounted in turn in the instrument 
housing 5 in a manner which permits 4t to rotate with regect to the latter about 
the x axis. The two springs 7 are fastened to the frame 4 at a certain distance 
from its axis of rotation. The other ends of these springs are attached to the 
dnstrument housing. They serve to subject the frame to a moment proportional to 
the angle of its deflection in any direction from its originsl position and 
directed in such a way as to return it. Since the springs are elastic components, 
we shall desisnate the moment which they generate by Mel- 

The dashpot 2 serves to suppress oscillations of the frame with respect to 


the housing. The remaining components of the design will be considered somewhat 
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Fig. 1.17. Simplified representation of construction of differentiating 
gyroscope. 1) Potentiometer wiper; 2) dashpot; 3) gyroacope 
rotor; 4) gyroscope frame; 5) gyroscope housing; 6) torquer; 
7) springs; 8) gyromotor stator; 9) potentiometer; 10) 
center tap of potentiometer. 


later. 

let the system of mutually perpendicular axes Oxyz, be attached immovably to 
the instrument housing; this system has its origin at the point 0, which is the 
point of intersection of the gyroscope spin axis z with the x axis of rotation of 
| the frame. As noted previously, the x axis is directed along the axis of rotation 
‘of the gyroscope frame. The y und Zp axes are perpendicular to the x axis. Here 
the zo axis is made to coincide with the direction occupied by the spin axis z 
when the moment applied to the frame by the springs is zero, 1.e.,when the measured 
engular velocity assumes zero value. 

We shall designate the z axis the measurezent or input axis of the gyroscope 
in view of the fact that our gyroscope is intended to measure the angular velocity 
of rotation »# of ita housing about the Y axis. The direction of the Zo axis will 
be termed the initial direction of the spin axis 2, since the z axis coincides vith 
the go axis at w= 0. Finally, the x axis will be designated the output axis of 


the BC since (see Fig. 1.1) rotation of the housing with the anguler 
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velocity » results in rotation of the frase about the x axis. 

Accordingly, when the angular velocity w of the housing about the meisurezent 
axis is zero, the spin axis z coincides with the Zo axis and the mowent generated 
by the springs May 2 (0. 

If now the gyroscope housing rotates about the measurement exis with a con- 
stant angular velocity w (see Fig. 1.17), 2 gyroscopic moment is created which 
tends to turn the frame about its x axis of rotation. Tais moment is called the 
restorati . moment of the differentiating gyroscope. 

The restorative moment wili be resisted by the moment Mj generated by the 
springs. Asa result, the frame will be deflected from its original position until 


the gyroscopic moment is balanced by the counteracting moment generated by the 


‘ springs and the frictional moment applying to the axis of rotation cf the frame. 


Let us derive the equation of motion of the frame. when ihe instrument 
ousting rotates about the measurement axis at an angular velocity w, which is 
‘considered positive when its vector coincides with the direction of the positive 
‘part of the y axis, the following moments will act on the frame about its x axis 
; of rotation. (Here and henceforth, a moment will be considered positive when its 
| vector is directed along the positive part of the x axis for positive values of 


“the quantity of which it is a function): 


1. A gyroscopic moment, which, “according to Formula (1.2), will be given by 
& = — Hosin (90° — 3) = — Hecosf, (1.22) 


where #18 the angle of deflection of the frame (or of the spin axis) from its 
({nitial position; this angle is considered positive in the direction indicated by 
the arrow in Fig. 1.17. 


2. A_moment generated by the springs. By specification this is proportional 


(<a eee 2 So eee os 


¥-T8-9910/¥ AT. 


to the angle @ and directed so as to return the frame to its initial position 


( @=20). Accordingly, the moment generated by the springs will be equal to 


M =k 8, (1.23) 


where X,) 18 a proportionality coefficient equal to the moment generated by the 
springs when g is equal to one radian; dimensions, gf-cn/rad. 

3. A damping moment generated by the dashpot. This moment is proportional 
in value and opposed in direction to the velocity 8 - Thus (the velocity 6 is 


positive when its vector is directed along the negative x axis) it ia 6iven by: 


M = Cp. (1.24) 


where Kap is the specific damping moment, or the moment generated by the dashpot 
when the velocity a fa 1 rad/sec; dimensions, gf-cm-sec. 
7 kh. A moment of inertia equal to (the acceleration 2 is positive when ita 


vector is directed along the negative part cf the x axis) 


M =J6, (1.25) 


where J is the moment of inertia applied to the axis of rotation of the frame by 
all parts of the instrument moving with it; dimens‘ons, gf-cm-sec”. 

5. The referred frictional moment + Me. (the plus eign is used for b>9, and 
the minus for <9). This value is equal to the eum of all frictional forres and 


moments arising on rotation cf the frame and referred to the % axis. We shall 
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consider the value of this moment constant, although it will be to some extent a 
> function of the angle & in the design represented schematically in Fig. 1.17. 
Equating the sum cf all these moments to zero, we obtain the equation of 


motion of the gyroscope freme in the forz 


J+ KS+K A+ M, = Hecoss. (1.26) 


The device is constructed in such a way that the angle 6 will remain small 
throughout the entire range of measurement of the velocity » . When this condition 


prevails, we may assume cos # x 1, whereupon Equation (1.26) takes the forn 


IB+KS+K BEM, = Iu. (1.27) 


eo 


The frame can de set into motion only in cases where the gyroscopic moment Hyis 

! 

greater than the frictional moment Mr,. Thus by making these momenta equal tc 

, One another, we obtain the following expression for the smallest angular velocity 


to which the instrument will be sensitive: 


Aft, 


Therefore the smaller the angular velocity to which the device is to respond, the 
smaller wust be ita frictional moment Mp. At the present time it is frequently 
necessary tc measure angu.ar velocities so small that this can no longer be 

accomplished by means of differentiating gyroscopes of the usual design (eee Fig. 


1.17), due to considerable frictional moments. It is consequently necessary 
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in these cases to use floating differentiating gyroscopes, in which the frictional 


moment is reduced to zero for all practical purposes. 


Solving Equation (1.27) for 8, we obtain the following expression for the 


current value of this angle: 


p= (Hee M,—K 6 — Jb. (2.28) 


In the equilibrium position, which 1s reached ea certain period after the 
ineatrument housing starts rotating with the constant velocity w, 4 = e x0, 850 


that the angle of d-flection of the frame from its original position beccmea equal 


ta 


oe (1.29) 





| In the equilibrium position, the gyroscopic moment is Dalanced by the moment 
generated by the springs and the referred frictional moment. An effort is made to 
construct the device in such a way that the second term in the right-hand member of 


Formula (1.29) will be negligibly small. Let us assume that this is the case. 


Then, tead of Formula (1.29) we obtain the following expression for the value 


of the angle @ in the equilibrium position: 


‘It will be seen from this expression that in the equilibrium position corresponding 


to sume given measured velocity «, the angle of deflection of the frame from its 


ea 
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initial position will be directly proportional to w , so that it may be used as 
a measure of this angular velocity for constant values of H and Kei 
Formula (1.30) 4s an approximate one, since it was obtained on the bags of 
the conditions that cos @ml and Mp. = 0. In exact measurements, therefore, it is 
; necessary to estimate the errors which these assumptions int.oduce. Furthermore, 


4t should be borne in mind that when the spin axis z is deflected through an angle — 


@ fron its initial position (the ZO axis), the device will also exert a reaction 
upon the angular velocity about the Zp axis. At small values of # , the resulting 
| error wili be small. In exast measurements, however, it must also be taken into 
account. 
The reason for referring to the present device as a differentiating gyroscope 
becomes clear from Formula (1.30). Tae designation is expleined by the fact that 
the output quantity of the gyroscope, the angle # , is proportional to the firat- 
order derivative with respect to time of the input quantity, the angle « of rota- 


tion of the gyroscope about the measurement axis, or of the angular velocity 


e=tanxr—,- 


If the gyroscope housing rotates with a variable angular velocity w , the 


value of the angle @ at a given instant will no longer be determined by Fornula 


(1.29) or (1.30), but by Expression (1.28). In order to obtain the closest 
possible correspondence here between the current values of the angle 8 and the 


instantaneous values of the measured velocity « , the parameters of the device 


should be selected in such a way that the influence of the last two terns in the 


right-hand member of Expression (1.28) will be minimal. To achieve this as well 
‘as small values of Mry in the frames of the design shown in Fig. 1.17 is exceed- 


ingly difficult. A device built in accordance with this design will cften be 
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isensenie of providing the high-precision measurenents of # required for contempor- 
' ary navigational systems, and particularly for the self-contained ones. The so- 
dalled floating differertiating gyroscope, which we shall consider later, is 
markedly superior in this respect. . cS 
i Direct use of § as an output signal is feasible only in direct-evalustion 
| devices. In order to use a differentiating gyroscope in any type of telenetering 
or automatic control system it is necessary to convert this angle into an #lecrical 
signal proportional to it, e.g,into a voltage. 
The potentiometer picaoff 9 serves this purpose in the diagram shown in Fig. 
' 1.17. The wound carcass of the potentioneter is mounted on the instrument housing, 
' and the wiper 1 is rigidly attached to the gyroscope frame. The wiper is positioned 
| in such a way that when #« O and M,) = 0, the voltage registered by the potentio- 
meter ig also zero. The potentiometer is made strictly linear so that the voltage 
which it registers will be proportional to the angle 6 and characterized by a 
sign (or phase) corresponding to the sign of this angle. 
Other types of output-signal pickoffs having the properties necessary to meet 
the avove requirements, e.g.,inductive devices may be used instead of the poten- 


tiometer pickoff. 


In isolated special applications, the differentiating gyroscope is also 


* 
equipped with a torquer device similar in construction to that seen in the gyro- 


cope with three degrees of freedom. The function of the torquer 6 (Fig. 1.17) is 
, to apply to the gyroscope fram> a moment proportional to the correction (control) 
current slivered to its input. A moment (e.g. an imbalauce moment) created by 
deflection of the frame froz its initial position at » = O may be compensated by 


; the moment generated by the torquer. 
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Bection 6. The Integrating Gyroscope 


The integrating gyroscope consists of a gyroscope with two degrees of freedom 
| 
| (Figs 1.1) equipped with a damping device which applies to the gyroscope frame a 
moment acting about its x axis of rotation and proportional to the angular velocity 


of the frame about this axis. 





Fig. 1.18. Simplified drawing showing design of integrating gyroscope. 


“4 1) Potentiometer wiper; 2) shell of damper (rigidly mounted 


in gyroscope housing); 3) disk of damper (rigidly attached 

to gyroscope frame); 4) gyroscope rotor; 5) gyroscope frame; 
6) gyroscope housing; 7) torquer; 8) gyromotor stator; 9) 
potentiometer; 10) center tap of potentiometer. 

A gyroscope of this type serves to measure the angle of rotation of its 

| 
| 
‘ housing about an axis perpendicular to the axis of rotation of the frame and to a 
' given initial position of the spin axis. The design of an integrating gyroscope 
| is represented schematically in Fig. 1.18. Tais is similar to that. of the differ- 
entiating gyroscope (Fig. 1.17) but differs in the following respects: the inte- 
| 
grating gyroscope is not equipped with springs or other devices performing a 


' similar function. A liquid damper is used with it instead of a dashpot, since 
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the latter, which is used in the differentiating gyroscope only for the purpose of 
suppressing oscillations of the frame, cannot fully meet the specifications for 
i the damper of an integrating gyroscore. In contrast to the air damper, the liquid 


damper is virtually free of dry-surface friction. Its characteristics are more 


' gtable and it permits the generation of considerably larger damping moments. 

The liquid damper is represented schematically in Fig. 1.18 as consisting 
of the shell 2, which 1s mounted in the gyroscope housing 6, and the disk 3, which 

is rigidly connected to the axis of the frame 5, The gap between the shell and 
the disk is filled with a viscous liquid. 

i The axes represented in Fig. 1.18 are identical in significance to those 

shown in Fig. 1.17. As before, the angle of deflection of the frame (the spin 


axis z) from its original position (the Zo axis) is denoted by 6. « denotes 


the angle of rotation of the gyroscope housing about its measurement (input) axis 
Y- Hence wo , the angular velocity of the gyroscope about the measurement axis, 
is equal to ¢« . 


Using this notation, we my state that the integrating-gyroscope problem 
| formulated above revolves about the proportionality of the angle § to the angle 
e or, in other words, to the integral of the angular velocity © with respect 


to time. This last also explains why the present device is termed an integrating 


gyroscope. 


If we neglect the friction and inertia of the gyroscope frame and the rela- 
ted components of the device, the operation of the integrating gyroscope may be 
presented in general terms as follows: a gyroscopic woment arises upon rotation 
of the housing about the measurement axis y at an angular velocity » . The frame 
‘begins to rotate under the influence of this moment. The moment generated by the 
damper resists the rotation of the frame. Accarding to Formlas (1.22) and (1.2h), 


‘these moments are respectively equal to 


ae 


= 


c= —HecosB = — He, MK §. 


Under the assumed conditions, the sum of these two zoments should be equal 


| to zero at all times, 1.e., Kan6 = He j; it follows from this that 


pare (1.32) 


L.@. at any given instant, the velocity of rotation 8 of the frame is propor- 


tional to the angular velocity of rotation » of the housing about the axis of 


: measurement. 


Integrating this last equality and assuming that 6 = 0 at the initial 


instant t = 0, we odtain 


e 
A (1.32) 
fo x4 ott 


d.e., the angle of rotation vf the integrating gyroscope fram: is equal to the time 


dntegral of the angular velocity wo . Since wo = G@_ , the integrand wat = 
at 
ade , so that 


pa(HIK) (da(0. 


Since « (0'=Oand « (t) = © , integration yields 


p= (HIK,)o. (1.33) 


. L.e., the angle of rotation of the frame is directly propartional to the angle of 


: Potation of the housing of the integrating gyroscope about its measurement axis. 


As in the case of the differentiating gyroscope, the smallest angular 
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velocity to which the integrating gyroscope can respond is given by Won” M/E, 
where My, is, as before, the referred frictional moment. Taking Mey into con- 
sideration and neglecting the inertia of the design members which rotate about 


the x axis, we find that for Wow the angle 


t 
f= (B/K,) Jost itis, Hyp )ee 


The second term in the rizht-hand member is the instrument error due to the 
frictional moment. This error is directly proportionel to the time during which 
the device rotates at the velocity w. It 1s to be noted that the error of a dif- 
ferentiating gyroscope due to the moment Mp, is a constant value when Mer = const. 
At the present time, integrating gyroscopes with frictional moments practically 
equal to zero are required for the solution of a number of highly important techni- 
cal problems. This requirement is satisfied only byefloating integrating gyro- 
scopes. 

When an integrating gyroscope is used ir. a telemetering or automatic control 
system, it is necessary to convert the angle f into an electrical signal propor- 
tional to it, such as a voltage. The potentiometer pickoff 9 performs this func- 
tion in the design shown in Fig. 1.18; this is completely analogous in construction 
and operation to the one describe? for the differentiating gyroscope. 

The torquer 7 (Fig. 1.18) serves to compensate any constant-value and uni- 

directional disturbance moments which may act on the frame of the gyroscope about 
its axis of rotation. These include, for example, imbalance moments, moments 
generated by the leads to the gyromotor (these are not showm in Fig. 1.18), and 
soon. A current Tce supplied to the torquer causes it to generate a moment equa! 
in value and opposite in direction to the moments of the above disturbances. 
Another very important function of the torquer will be discussed later. 


Tet us now consider the operation of the integrating gyroscope in somewhat 
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greater detail, taking into consideration the inertia of the gyroscope frame and 
the components of the device attached to it. Suppose that the instrument hous- 
ing rotates about the measurement axis y at an angular velocity «o . Under these 
conditions the following moments will act on the frame about its x axis of rota- 


tion: 
1. A gyroscopic moment equal to 


¢ = — Hecos8. 


As a rule, the operating conditions created far integrating gyroscopes in the 
mechanisms in which they are used are such that the angle @ remains small at all 
times. This virtually eliminates the effect on the instrument of the angular 


velocity of rotation of its housing about the initial position of the spin 


29 
axis, and renders the gyroscopic moment in practice Proportional to «w , since 
cos ¢ may be assumed equal to one with a very small errar. Thereupon the expres- 


sion for the gyroscopic moment takes the farm 
¢= = — He. 
2. A_moment generated by the damper and gia by 
M = Kp. 
3. A_moment of inertia, equal, as in the case of the differentiating 


gyroscope, to 
M = J3. 


kh. Arveferred frictional momsnt + M>,.. The instrument is designed in 





such a wey that this moment is held to a minimm. We shall accordingly disregard 
it for the sake of simplicity. 


Equating the sum of the first three moments to zero, we obtain the equa- 
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tion of motion of the integrating-gyroscope frame in the form 


Ss+K $= He. (1.34) 


A single integration of this equation for the initial conditions 
(@ = 6 = 6 = Catt = 0 ytelas 


Th+P=—he, (1.35) 
where 
T= see (1.36) 


' op 


the time constant of the integrating gyroscope. 


Integrating Equation (1.35) far the same initial conditions, we obtain 
_£ c e 
p=, nee 


Integrating the right-hand member of this equality by parts, we obtain 


a) fot F 
1 H ze _ a te a 
i ma (e« jee dt -t/: fete «| 


ap / 0 (1.37) 


| Here * is a variable of integration. 
It will be seen from this equality that to permit measurement of the angle 
« » the bracketed integral, in which &£ > , must at all times remain vanisi- 
ingly amall. For this purpose the parameters of the instrument design must be 
: chosen so thrt the value of the time constant ZI becomes sufficiently small and the . 
value of € not excessively large. As seen from Equality (1.36), this in turn 
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necessitates making the mozent of inertia J as small as possible and the specific 
damping moment Kap as large as possible. If the small-T condition is satisfied, 


we may drop the second term in the bracketed notation of Equality (1.37). We 


shall then have the familiar ratio (1.33) 


The use of an integrating gyroscope to measure the angle e by direct 
(immediate or remote) measurement of the angle of rotation § of the gyroscope 
frame with respect. to the irstrument housing is expedient only in those cases 
where the range of possible values of the angle « and the parameters of the 


instrument are such that the engle @ remains small enough at all times during 


operation to permit setting cos 6 = land sin 6 = O with a sufficiently 
small error. Otherwise the operation of the instrument will be complicated by 
the following circumstances: first, if the angle. 6 is such that cos ¢ may 
not be assumed equal to unity, the gyroscopic moment becomes He cog § (in- 
stead of He , a8 whencos § = 1); this results in nonlinear dependence of 

8 on « . Secondly, if it is inadmissible to set sin 6 = 0, the angular 
velocity of the instrument housing about the initial position of the spin axis 

£, 1i.e.,about the axis Zp, Will affect the value of the angle g . 


When arbitrary values of the angle « are to be measured, therefore, the 


integrating gyroscope must be used in conjunction with a servomechanism. A sys- 

tem formed in this way constitutes a spatial angular-velocity integrator which 

: operates on the principle of an integrating drive. In this system, the integra- 

| ting gyroscope serves as the sensing unit. We apply the designation "spatial” to 
: this integrator in view of the fact that it detects rotational velocity relative 

; to inertial space and integrates it with respect to time (like the integrating 


' gyroscope). 
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Section 7. The Spatial Anguler-Velocity Integrator and Applice- 
tion of the Integrating Gyroscope to Geometrical 


Stabilization 


A schematic revresentation of the untaxial spatial angular-velocity inte- 
erator appears in Fig. 1.19. The integrator is termed uniaxial because its pur- 
pose is to integrate the angular velocity of rotation in inertial space about a 
single arbitrary axis, with which the measurement (input) axis of the integrator 
must be brought into alignment (or parallelism). ‘The integrator must not be 
sensitive to rotations about the axes perpendicular to its measurement axis. The 
Principal components of the integrator are the integrating gyroscope and the 
servomechanian,. 

The integrating gyroscope 2 is held in the clamp 1, which {s mounted rigid- 
ly on the shaft 3. The latter is carried in the bearing 6 of the flange T, which 
is fixed to the integrator housing 8. The geometric axis of the shaft 3 is the 


measurement axis of the integrator, or (a term by which we shall refer to it from 





now on) its input axis. The integrating gyroscope 2 is inserted in the clamp 1 in 
such a way that its measurement (input) axis coincides with the input axis of the 


integrator. We shall therefore refer to the input axis of the integrator as the 


' yaxis. To avoid complicating the drawing, the Gyroscope housing 2 in Fig. 1.19 


is not sectioned. Nevertheless » the disposition of the gyroscope elements is 
readily understood on comparison of Figs. 1.19 and 1.18. The x axis is the axis 
of rotation of the gyroscope frame in both {llustrations , and the % axis repre- 


sents the initial position of the spin axis Zz. The arrows indicate the positive 


; directions of the angles « and 6 . ‘The slave motor 5 of the servosystem is 


| 
' 
1 


mounted on the flange 7; this functions to rotate the &yroscope housing 2 about 


a Ae ss 
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Fig. 1.19. Schematic representation of uniaxial spatial angular-velocity 
integrator with integrating gyroscope and servomechanism. 1) Clamp 
rigidly attached to shaft 3; 2) integrating gyroscope; 3) shaft; 4) 
emplifier; 5) Slave motor; 6) bearing; 7) flange; 8) integrator housing; 
9) indicator; 10) gear train; 11) reduction gearing; 12) wipers and con- 
tact rings for pickoff of output voltage Vout from integrating-gyroscope 


potentiometer; 13) wipers and contact rings for delivery of current Tia » 
to torquer of integrating gyroscope. r 
the input axis y with respect to the integrator housing. The angle of rotation a 
of the integrator housing 8 in inertial space about the input axis y is indicated 
by dial 9 which is driven from the shaft 3 by the gear train 10. The voltage Ut 
of the potentiomter 9 (see Fig. 1.18) is delivered via the wipers and contact 
rings 12 (Fig. 1.19) to the input of the amplifier 4. The slave motor 5 is con- 
nected to the amplifier output. 

The integrator operates as follows: let us assume first that the servodrive 
is shut off, 1.e., that the amplifier input is disconnected from the wipers 12. 
Wow let us turn the integrator housing 8 in inertial space through a certain angle 
@ about its input axis y at an angular velocity W@W. The housing 2 of the 
integrating gyroscope, which functions in this case as a sensing element, will 


ve 


ae 
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The angle « , and therefore the angle § and the voltage 


' this occurs when the voltage U 


turn with it through the same angle. Then, in accordance with the foregoing, the 
gyroscope frame will turn through an angle 6 » Proportional to the angle e«, 
with respect to the instrument housing. An output Signul, an electrical voltage 
Uout Proportional to $8 and thereby to the angle e , will appear at the output of 
the integrating-gyroscope potentiometer 9 (see Fig. 1.18) as a result. 

Let us switch on the servodrive and apply the voltage Sout to the input of 
its amplifier 4. After amplification, this voltage will set the slave motor 5 


into operation. The latter, working through the reduction gear 11 and the shaft 3, 


- wALL begin turning the integreting-gyroscope housing 2 in the Opposite direction. 


U t? will become smal- 


ler. This process will continue until the operation of the servodrive ceases; 


t is reduced to zero. The voltage Mout becomes 


equal to zero, however, only when the angle § and therefore the angle e are 


zero, 1.e., when the servodrive returns the integrating-gyroscope housing to its 
original position. The angle of rotation cf the integrating-gyroscope housing 2 
with respect to the integrator housing 8 will be indicated by the dial 9 (see Fig. 
1.19). This angle 1s equal to the angle of rotation a of the integrator housing 
8 in inertial space. 

We have considered the operation of the integretor in separate phases. In 
actual operation, the servodrive is "on" at all times. The process is as follows: 
let us assume that the integrator housing 8 rotates in inertial space about the 
input axis ZX of the integrator with a certain angular velocity w» . At the ini- 


tial instant of this rota*ion, the integrating-gyroscope housing 2 will also ro- 


tate together with the integrator housing. As a result » &D Output signal, the 


voltage Bout? will appear at the output of the integrating gyroscope. This vol- 


_ tage will actuate the servodrive. The latter, which is nighly sensitive and 


responds rapidly, will keep turning the gyroscope housing in the opposite direc- 


tion at a velocity equal in magnitude and opposite in direction to the velocity « . 
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Consequently the integrating-gyroscope housing will remain stationary in inertial 
Space. In so doing it will be deflected from its initial position through a very 
small angle, which will depend on the sensitivity thresholds of the integrating 
gyroscope and the servodrive. Thus the angie 6 will remain small at all times, 
which, as noted above, is extremely important. 

The rotation of the integrating-gyroscope housing relative to the inte- 

grator housing about its input axis y is transmitted to the indicator dial 9 
, (see Fig. 1.19). Thus the integrator indicator will show the angle of rotation 
of the integrating-gyroscope housing with respect to the integrator housing. It 
| fe clear from the preceding discussion that this angle will be equal to the time 
| integral of the angular velocity of rotation « of the integrator housing 8 in 
| inertial space about the integrator input axis y, 1.e.5 to the angle « . 

Thus the uniaxial spatial angular-velocity integrator only integrates the 
‘angular velocity of rotation of the housing about its input axis y, since the ro- 
| tations of the integrator housing relative to all other axes perpendicular to the 
| input axis cannot create an output signal, a voltage Bout » in the integrating 

gyroscope, and cannot, therefore, operate the servodrive. 

| Let us suppose that the integrator housing my only rotate in inertial 

' space abcut the y axis, or, in other words, that the orientation of the y axis in 

! {nertial space does not change. It follows directly from analysis of the operation 
ef the integrator that under these conditions the clanp 1 and the integrating 

| gyroscope 2, mounted within it, will retain fixed orientations in inertial space 
‘during any rotation of the housing 8 about its input axis y. With reference to 
“the clamp 1 the integrator under examination, which consists of an integrating 
 pecateoe 2 and a servodrive, functions as a uniaxial stabilizer which effects geo- 


metrical stabilization of the clamp 1 in inertial space with respect t- the y axis. 


Consequently, if we have a platform which must be stabilized geometrically with 


Si See : = 7 oo ie aot. Ae Syn ds = 
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respect to a single axis in inertial Space, an integrator of the type discussed 
above may be used to accomplish it. Let us consider this extremely important ap= 
plication of the integrator in somewhat greater detail. 

Suppose that the platform 4 (Fig. 1.20) requires geametrical stabilization 


in inertial space with respect to the axis Yp1- The axes 0)X%p1¥p1%) are fixed to 


the platfarm. The platform must be stabilized with respect to the axis Xo." This 
weans that the orientation of the Xp and Zo1 axes must remain stationary during 
all rotations of the base 1 about the Yp, exis in inertial space, and also when 
there are moments vhich tend to turn the platform 4 about the axis Xa The plat- 
form 4 is mounted on the base 1 via the two “ournals 5, which are directed along 


the axis Y. The int.:yrating gyroscope 6 is attached to the Platform. The in- 


Xn 
put (measurement) axis y of the gyroscope must be parallel to the stabilization 
axis Xp1 of the platform; let the x axis run parallel to the Sy axis and the 

2 axis coincide with the Zp axis. Let the slave motor 8 of the servodrive be 
mounted on the base 1 of the stabilizer. The motor tarque is transmitted to the 


| platform 4 via the reduction gear 9. In Winciple, the scheme shown tn Fig. 1.20 





| Fig. 1.20. Uniaxial stabilizer. 1) Base of stabilizer; 2) brushes and con- 
tact rings for pickoff of output voltage Vout fron integrating-gyroscope 


\ potentiometer; 3) >rushes and contact rings for delivery of current Zeon 


to torquer of integrating gyroscope; 4) platform to be uniaxially stabilized; 
5) platfore axis journals; 6) integrating gyroscope; 7) amplifier; 8) slave 
-- motor; 9) reducing gear. . 
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differs in no respect from that of Fig. 1.19. Thus the poaition of the platforn 


4, 1.e., the orientation of the X_, and Z_, axes in inertial space, will remain 


pl pl 
unchanged during all rotations of the base 1 about the Yp1 axis. 


Let us now assume that a disturbance moment My ‘ has begun to act on the 
platform about the To axis. _Under the influence of this moment the platform 
will begin to rotate about the axis Yp1° This results in the appearance at the 
output of the gyroscope pontentiometer 9 (Fig. 1.18) of a voltage De? which, 
after amplification and suitable transformation by the amplifier 7 (see Fig. 1.20), 
sets the slave motor 8 of the servosystem into operation. The latter, working 
through the reducing gear 9, begins to apply to the platform 4 a moment which is 
opposed in direction to My . Let us suppose that the moment developed by the 


-pl 


slave motor is proportional to the voltage Vout? i.e., to the angle of deflection 


@ of the platform from ite initial position (e@ = 0). The motor torque will 
then increase as the angle of deflection of the platform from its initial pesition 


increases. But, as long as the motor torque remains smaller than the moment MY ‘ 
=pl 
the platform will continue to deviate from its original position, When, however, 


the motor torque becomes equal to the moment MY at a certain value of the angle 
=pl 
e , further deviation of the axis under the influence of M will not. occur. 
=pl 
Thus the servodrive has arrested the rotation of the platform due to the moment 


4. Re but has not been able to return it to its initial position, The angle @ 

ce wick this equilibrium is established may be referred to as the static error of 
the system. If the moment My ‘ now reverts to zero, the servodrive will turn the 
platform to its initial pacttics (@ = 0). The manner in which this occurs is 
clear from tre preceding arguments. 


If, however, we use a servodrive equipped with an integral controi, the 
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static error will always be zere. Fixed orientation of the platform 4, both 

" during rotation of the base 1 and under the influence of disturbance moments 

*y 1 y may accordingly be ensured by the use of a rapid-response servomechanism 
having adequate capacity and a suitable control function. We shall consider this 
problem in greater detail in Chapter III. 

Everything which we have said with reference to the action of the distur- 
bance moment *y upon the platform applies with equal force to the integrator 
in Fig. 1.19, S the clamp 1 plays the part of the platform. 

This mode of operation of the system, in which its function is to mintain 
the platform in a fixed orientation in space, will be referred to as the gecnetri- 
cal-stabilization regime. Similarly, the operation of the integrating gyroscope 
in this regime will also be referred to as its operation in the geometrical- 
stabilization regime. 

However, the system under consideration not only enables us to mintain the 
| Platform (the axes Xpl; 21) in a fixed orientation in space, but also to alter it 
at @ prescribed velocity and by a prescribed angle. This is accanplished by 
supplying a current dion Proportional to the desired rotational velocity of the 
| platform in inertial space about the Y,) axis to the torquer 7 (Fig. 1.18) of the 
integrating gyroscope. This is actually the second function of the torquer which 
ve referred to earlier. The torquer applies to the frame of the gyroscope a mo- 

ment proportional to the current Joon: 
Suppose it {fs required that the platform (the Xie and Z) axes) rotate 
about the axis Xp at a certain constant angular velocity ow . This necessitates 


delivery <f = current to the torquer 7 (Fig. 1.18) such that the moment 


I 

con 
My generated by the torquer as a result will be equal in magnitude but opposite 
,in direction to the gyroscopic moment which arises upon rotation of the gyroscope 


‘hous ing with e constant angular velocity « about its input axis Y- Yet us 
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assume that just such a current Jan ie supplied. The tcrquer 7 will then apply 
the constant manent My to the frame of the gyroscope. The presence of this 
moment is equivalent in its effect on the gyroscope to rotation of the gyroscope 
housing with a constant angular velocity *. = - , Under the influence of 


M t » the gyroscope frame begins to rotate and the spin axis z is deflected 


through a certain angle § from its initial position zy. A voltage Vout will 
then appear at the output of the potentiometer 9 (see Fig. 1.18), setting the 
slave motor & (see Fig. 1.20) of the servodrive into operation. The latter will 


begin to turn the platform 4 about the axis in such a way as to return the 


45) 
Zz axis to its initial position. To do this the servodrive must rotate the plat- 
form with the gyroscope in the opposite direction to the angular velocity t° 


Let o adj denote the velocity of rotation (adjustment). Rotation of the ieee 
scope housing at a velocity adj will give rise toa gyroscopic moment r 
which opposes the moment Me . When the velocity o adj attains the required 
value «© , which corresponds to the control current Zogn? the gyroscopic manent 
r will be equal to the moment M, 7 The rotation of the gyroscope frame 
ceases ané the platform with the exec and the Xi and Zu axes attached to it 
will rotate about the X51 axis with the required angular velocity © . Here the 
angle $6 will assume a value determined by the sensitivity threshold of the inte- 
grating gyroscope and servodrive, which should be as low as possible. 

The above statements may be supparted by the following relationships. When 


the gyroscope housing rotates at a weloci:y «© the gyroscopic moment is equal to 
T=—He. 


| The corrective moment M, is proportional to the current Jon? that is, 


M =K lo, 


To prevent the gyroscope frame from rotating about its 


own exis, we must have 
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r+AL =0, 
or, substituting the values of r and M in this equality, we obtain 


Ho=K Teen, 


From this it follows that if 


i.e., if a current ae Proportional to the desired velocity of rotation w of the 
platform (the Xs and 22 axes) about the 4 axis {6 supplied to the torquer, 
the servodrive will rotate the platform at this velocity. 

Since © = © (© is the angle of rotation of the platform in inertial 


space), th- last expression may be rewritten in the form 


tua 


fence “fy dt, 
e 


where © © is the value of the angle e at the instant t = 0. 


This mode of operation of the unizxfal stabilizer will be termed the Spa- 


; Sial-integration regime. This designation is based on the following considera- 


tions: an electrical signal, the current I » is supplied tc the system input; 


=con 
at the output we obtain the angle of rotation « of the platform in inertial 


space, which is proportional to the time integral of the input signal. It should 


be noted that this mode of operation of the uniaxial stabilizer corresponds 
exactly to the operation of an ordinary electromechanical integrator with the aif- 
ference that by virtue cf the properties of the Gyroscope, the output quantity of 


‘the unisxial stabilizer is the angle of rotetion in inertial space, while the out- 
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put quantity of the electramechanical integratcr is the angle of rotation with 
respect to the instrument housing. 

Any change in the current J initiates rotation of the platform with the 
gyroscope (the Sv and 251 axes) at a new angular velocity corresponding to the 
new value of the current fo The character of this transient effect is deter- 
mined by the dynamic properties of the system as a whole. In the unsteady opera- 
ting state, the output signal of the gyroscope, f.e., the voltage Uouts 16 also a 
function of the angle of deflection G of the gyroscope frame from its initial 
position, which angle is determined in this case by the difference between the 
angular velocity which corresponds to the corrective signal and the actual angu- 
lar velocity, and also by the accelcration. 

The mode of operation 6 the integrating gyroscope in the presence of a 
current Joon will be designated its operation in the syatial-integration regime. 

We have considered the use of the integrating &yroscope and servodrive to 
form a spatial engular-velocity integrator (see Fig. 1.19) and a uniaxial stabili- 
ser (see Fig. 1.20). Let us now examine the means by which stabilization of the 
platform 1 (Fig. 1.16) in inertial space with respect to the three mutually per- 


pendicular axes 0 & a {, and, consequently, concrete reproduction of these axes ’ 


_ may be accomplished by the use of three integrating &yrosccpes and servodrives. 


A simplified schematic representation of such a triaxial stabilizer ‘s 
given in Fig. 1.21. The housing of the stabilizer is positioned in the object in 


the same way as in the instance shown in Fig. 1.16. For the sake of clarity, 


' Fig. 1.21 illustrates the case in which the axes OXYZ connected to tne object 


- (or with the stabilizer housing) coincide with the axes Ok&e¢  , which are con- 


' nected tn the platform. The three integrating gyroscopes 10, 17 and 18 (Fig. 1.21) 


are mounted on the platform to detect its deflections from the position in iner- 


tial space imparted to it. The input (measurement) axes Ly »X, 2 andy c of 


| the gyroscopes are directed parallel to the £ » @ , and ¢€ axes. The remaining 
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two axes of each of the gyroscopes are keyed by the same subscripts as the 
measurement axes. The axis 3 of the platform 1 to be stabilized and the axes of 
the inner and outer gimbal frames (6 and 11) are equipped with servodrives. ‘The 
servomechanism amplifiers are aot shown in Fig. 1.21. The servodrive of the axis 
3 of the platform 1 is controlled exclusively by the Gyroscope 18. In combination 
with the servodrive which it controls, this gyroscope stabilizes the platform in 
inertial space with respect to the § axis. The stabilization process takes place 
in the manner outlined in the discussion of the operation of the uniaxial stabil- 
izer shom in Mig. 1.20. Stabilization of the platform 1 in inertial space with 
reference to the € and % axes is accomplished in a similar manner by means of 
the gyroscopes 10 and 17 and the servodrives of the inner and outer gimbal frames, 
i.e., these gyroscopes and servodrives maintain the platform in the plane — #7. 
To effect this stabilization it is necessary that each of the gyroscopes 10 and 
17 be capable of controlling both the inner-frame servodrive and the caterctualt 
servodrive. Let us illustrate this with examples. Suppose that # = @ = Y = oO, 
as indicated in Fig. 1.21; the axis of the inner frame coincides with the ¢ 
axis, and the axis of the outer frame with the 9 axis. The input (measurement) 
axes ty and Ye of the gyroscopes 10 and 17 are therefore respectively parallel 
to the 2) and X axes of the inner and outer gimbal frames. Accordingly, only the 
inner-frame servodrive should operate upon deflection of the platform about the 

axis, which is sensed by the gyroscope 10, and only the outer-frame servodrive 
should respond to deflection of the platform about the axis, which is sensed 
by the gyroscope 17. Thus in the given case (¥ = 9 = Y = 0) the gyroscope 10 
controls the tervodrive of the inner frame, while the gyroscope 17 controls the 
outer-frame servodrive. 

Now let us turn the stabilizer housing through an angle ¥ = 90° about the 


$ axis (Fig. 1.22). Now the measurement axis Xe of the gyroscope 10 will be 
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Fig. 1.21. Simplified schematic representation of triaxial stabili- 
zer. 

' 1) Platform to be triaxially stabilized; 2) indicator for angle 

6 $3) axis of platform; 4) reduction gear of platform servo- 
drive; 5) slave motor of platform servodrive; 6) inner gibal 
frame; 7) reduction gear of inner-frame servodrive; &) indi- 
cater for angle @ ; 9) slave motor of inner-frame servo-- 
drive; 10) integrating Gyroscope sensitive to angular velo- 

| city of platform about & axis; 11) outer gimbal frame; 

12) slave motor of outer-freme servodrive; 13) reduction 

gear of outer-frame servodrive; 14) flange; 15) stabilizer 

| housing; 16) indicator for angle y ; 17) integrating gyro- 

' scope sensitive to angular velocity of platfarm about 8 
axis; 18) integrating gyroscope sensitive to angular velo- 
city of platform about ¢ axis. 


, Parallel not to the axis of rotation Z| of the inner frame, as it was at ¢€ = 0, 
but to the X axis of rotation of the outer frame; the measurement axis X, of the 
" gyroscope 17 will become parallel to the Z, axis of rotation of the inner frame. 
Thus with ¢€ = 90°, the gyroscope 10 must control the outer-frame servodrive, 


‘while the gyroscope 17 must control the inner-frame servodrive. 
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Fig. 1.22. Position of elements of stabilizer shown in Fig. 1.21 
after rotation of housing through an angle ¢ = 90° 
about the ¢ axis. Key same as for Fig. 1.21. 

If ¢ #0, 90, 180, or 270°, the measurement axes x, and y | will not 


generally coincide with the axes of rotation of the ginbal frames. In this case, 


the servodrives of the inner and outer frames should function simultaneously upon 
deflection of the platform about the axis & or upon rotation of the object about 
| this axis. They must be controlled by the gyroscope 10, since it senses rotations 
about the € axis. Similarly, both servodrives function upon rotations about the 
' axis a , dut they must be controlled by the gyroscope 17. Finally, when rota- 
. tions occur simultaneously about the & and a axes, both gyroscopes, 10 and 17, 
contribute simultaneously to control of the inner- and outer-frame servodrives. 
Tous the stabilizer must be equipped with a device which will distribute 
' the output voltages of the gyroscopes 10 and 17 appropriately between the ampli- 


fiers of the inner-and outer-frame servodrives. Such a device is referred to as 


@ coordinate transformer. It is installed on the axis 3 of the platform 1 (Fig. 
' 2.21). Since the coordinate transformer is there to distribute the gyroscope out- 


put voltages according to the size of the angle ¢ » one of its elements is fixed 
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to the platform and the other to the inner gimbal freme. The coordinate trans- 
former is not shown in Fig. 1.21, since its treatment is beyond the scope of 
the present volime. 

Thus if the required orientation in inertial space is imparted to the plat- 
form 1, or, in other words, to the axes 0 & » ¢ (Fig. 1.21), and the stabilizer 
set in operation, the platform will mintain the orientation imparted to it re- 
gardiess of the motion of the object. The angles of rotation ¢ » ® , and ¥ of 

the object about the ¢, 2 and X axes will be indicated by the visual indica- 
tors 2, 8, and 16. To obtain electrical signals proportional to the angles ¢ , 


@ ,and Y , it is necessary to replace the indicators with suitable data- 


transmitting devices which transform angular displacements into electrical signals, 


In this case only the Joon current necessary to suppress the systematic 


disturbance moments of the gyroscope is supplied to the gyroscope torquer. 

Now suppose it 1s required that the axes O& a { rotate in ine-tial space in 
a certain manner, for example, that they be orierted with respect to the earth in 
the manner indicated in Fig. 1.13. For this it is necessary that the projections 
of the instantaneous angular velocities of the platform 1 (of the axes Orne of 
Fig. 1.2i) in inertial spece onto the £ » ® », and ¢ axes be equai to the velo- 


cities u e’ ul» endu ‘ aa determined by Equalities (1.13). 


It was indicated earlier (in discussion of the operation of the uniaxial 


stabilizer shown in Fig. 1.20) that in order to set the platform rotating in 


inertial space at a specified angular velocity about the input axis, it is neces- 
sary to supply ea current Joon proportional to this velocity to the torquer. In 
| our case, it is necessary to set the platform into simultaneous rotation about all 
three axes. To accomplish this, therefore, we must supply currents Jeon respec- 


t 


tively proportional to the velocitics u pce cs and u ; ‘to the torquers of 


the gyroscopes 10, 17, and 18. 


he SS 3 * eben 
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In this way the triaxial stabilizer under discussion enables us to repro- 
duce the axes 0 E "5 in concrete form, either with fixed orfentations in inertial 
space or with a specified orfentation relative to the earth, or rotating in iner- 
tial space in some other manner. In all cases, the angles # , U, and y are 
measured directly end without distortion. 

Provided that floating integrating gyroscopes are used in their construc- 
tion, the devices discussed here, the spatial integrator and the stabilizer, can 
ensure the high precisior required in modern self-contained navigational systems, 
and particularly in those of the inertial type. Ordinary integrating gyroscopes 
are unable to provide this degree of precision, due largely to the presence of 
considerable and variable frictional moments which arise in the gyroscope's frame 
bearings. 

The above treatment of the problem in which the platform is stabilized with 
respect to one and three axes with the aid of integrating gyroscopes and servo- 
drives is not, of course, exhaustive. It has only been dealt with to the extent 
necessary to explain the application of the integrating gyroscope for this purpose. , 
The charactcristic feature of this method is that here the gyroscopes do not exer- 
cise any direct stabilizing influence on the ylatfor., but are used only as sensing 
elements. This fact, in particular, differentiates the given method from the method, 
widespread at present, of direct gyroscopic stabilization, investigated both 


theoretically and in practice by B. V. Bulgakov, Ya. N. Roytenberg, and others. 
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CHAPTER II 


DESIGN AND BASIC PARAMETERS OF FLOATING GYROSCOPES 


The integrating and differentiating gyroscopes designed for use in modern 
automatic flight-control systems, especially in self-contained inertial-navigetion 
systems, for the gyrostabilization of radar pathfinding apparatus, and for a 
variety of other automatic devices should be characterized by high parameter 
stability, low sensitivity thresholds, high precision, and great strength and 
stability with respect to vibration and shock. These requirements are not, as 
a rule, adequately met by the conventional integrating and differentiating gyro- 
scopes, the basic designs of which are shown in Figs. 1.18 and 1.17. The funda- 
mental reasons for the failure of such gyroscopes to meet the above specifications 
are as follows: the significant and variable frictional moments which arise in 
the frame bearings of the zyroscape and between the reciprocating elements of the 
damper; insufficient strength and stability under vibration and shock; and the 
difficulties encountered in ensuring the required damping. Thus the development 
of gyroscope designs having great strength and stability, ‘negligibly we fric- 
tional moments in the gyroscope-frame supports, and dampers free from dry friction 
has been a problem whose successful solution has made it possible to use integra- 
ting and differentiating gyroscopes to advantage in mdern precision systems. 

The problem of reducing friction in the bearings of gyroscope suspensions 
4g not a new cne. The problem arose in connection with the first gyroscopic 
device, which was constructed in 1852 by L. Fouceult to demonstrate the diurmmal 
rotation of the earth. The practical realization of the marire gyroscopic compass 


depended in many respects on finding a successful solution to this prevlem. A 
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highly successful and effective solution was preposed in 1908 by Dr. Anschiitz in 
his marine gyrocompass. This method ccnsisted in mounting a shell containing the 
growheel on a float which rode in a bowl filled with a heavy liquid--zercury. A 
pin attached to the bowl served to center the floating system. 

The practice of harnessing the buoyancy of a liquid to relieve supports of 
their loads has been widely adopted, and not only for gyroscopic devices. For 
exemple, to reduce friction in the compass-card supports of modern marine and 
aviation magnetic compasses, the card is installed in a Uquid-filled bowl. The 
buoyant forces «f the liquid, actirg in a direction opposed to those of the card's 
weight, relieves its support almost completely, leaving only the small pendulum 
effect necessary for normal operation of the compass. 

In floating gyroscopes--the most recent and most promising variant of the 
integrating and differentiating gyroscopes--reduction of frictional moments is also 
accomplished by exploitation of the buoyancy of a liquid. The liquid serves siml- 
taneously to provide the necessary damping and the high vibration- and shock- 
resistance and stability characteristic of these devices. 

The concept of the floating gyroscope with two degrees of freedom was first 
put forward in the Soviet Union by Engireer L. I. Tkachev, under whose guidance the 
first design for a floating integrating gyroscope was worked out at the Moscow 
Institute of Power Engineering (Moskovskiy Energeticheskiy Institut) in 1945. On 
the basis of an applic.ticn dated January 29, 1949, L. I. Tkachev was awarded 
Author's Certificate No. 113446 for the floating gyroscope, which was designated 
"A Sensitive Element for Precision Gyroscopic Devices used in Spatial Orientation 
of Flying Craft." 

The design of the MIPE floating gyroscope is presented in Fig. 2.1. The gyro- 
motor 12 is enclosed in the cylindrical shell 3 which, together with the head as- 
semblies, forms a hermetic float. The float containing the gyromotor is installed 


in the instrument housing on *he suspension axes 18 (diam. = 0.6 mm), which are held 
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Fig. 2.1. MIPE Floating gyroscope (1945): 


1) gyromotor current-supply lead; 2) outer cylinder; 3) inner cylinder 
(float); 4) inductive pickup; 5) rear wall; 6) textolite plate; 7) axial 
tension member; 8) balancer disc; 9) rear cap; 10) corrector coil; 11) 
permanent magnet of corrector; 12) gyromotor; 13) front wall; 14) plates 
carrying disc bearings; 15) disc; 16) current-supply bands; 17) axial 

io spring; 18) suspension axis; 19) front cap. 


-¥-98-9910/V TT 


under tension by the axial spring 17. The suspension exes bear against the discs 
15, which are mounted in turn in jJewelled bearings carried in the plates 14. The 
entire free inner volume of the instrument housing is filled with a heavy liquid. 
The volume of the float and the specific gravity of the liquid eve adjusted {n such 
away that the buoyancy of the liquid 1s equal te the weight of the floating gyro- 
assembly. The current leads to the float are formed by the silver bands 16. Pure 
liquid demping produced by friction between the float 3 and the film of liquid 
between it and the inner surface of the cylinder 2, 1s used exclusively in this 
device. The inductive pickup 4 functions as an output-signal detector. The 
corrector consists of the permanent magnet 11 and the coil 10. ‘This first model of 
the instrument possessed the following characteristics: kinetic moment ~ 55,000 
gf-cm-sec; frictional moment in the supports of the floating gyroassemtly ~ 0.001 
ef-cm; error, of the order of 0.05 °/nr. The device was designed for use with a 
servodrive. 

Work toward the realization of floating @yroscopes was first initiated abroad 
in 1946 by C. S. Draper in the laboratory which he supervised at the Massachusetts 
Institute of Technology (USA). A number of experimental models vere built and 
studied under his direction under a contract with the US Army Air Corps. In 1948, 
working on the basis of data furnished by MIT, the Minneapolis-Honeywell firm 
developed several variants of the floating gyroscope which were put into batch 
production; this began in 1951. By the beginning of 1957 approximately 21,000 
floating gyroscopes had been produced. 

The floating gyroscopes made by MIT, the Minneapolis-Honeywell Company and 


several other firms will be examined in the fullowing peragraphs. 


Section l. Integrating Gyroscopes 


The general design features of the floating integrating gyroscopes are as 
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follows: the frame carrying the gyrovheel is installed within a hermetic cylindri- 
cai shell, and turns in bearings located in the instrument housing. The housing 
ie also cylindrical tn form and completely fillea with a heavy liquid (a fluoro- 
organic compound). Thus the Gyroassembly behaves as a flost immersed in a liquid, 
which also explains the tern “floating” applied to Syroscopes of this type. The 
volume of the shell and the specific gravity of the liquid are chosen so that the 
buoyant forces of the liquid will be equal to the weight of the eyroassembly and 
relieve its bearings of practically their entire load, thus reducing the frictional 
moment which arises-in them to a negligibly small value. It is necessery to ensure 
correct centering of the &yroassembly with respect to the instrument housing, and 
the center of gravity of the &yToassembly and tts center of Pressure must coincide 
at all times; an attempt should be made to locate the point of coincidence in the 
exis of rotation of the gyroassembly. The damping noment ts provided by friction 
of the cylindrical surface of the &yroassembly shell against the thin film of 


viscous liquid in the narrow gap between the clindrical surfaces of the gyroassen- 


_ bly shell and the instrument housing. Dry friction is completely eliminated by 
‘this damping principle. Since disturbing forces of all kinds are generally trans- 


| witted from the instrument housing to the @yroassembly through the viscous liquid 


and not through the bearings, the floating gyroscope possesses, in eddition to 


‘ Megligibly small fricticn in the Gyroscope-frame supports, great stability against 


shock and vibration which, far from damaging 1: during operation, do not even cause 
any noticeable deterioration in the quality of ita performance. 
The design of a floating integrating gyroscope developed, constructed, and 


tested in toe instrument laboratory of the Massachusetts Inatitute of Technology 


. is presented in Fig. 2.2. The mechanical construction of this instrument is 


similar to that shown tn Fig. 1.18, and consists of the same components as those 


required for operation of an integrating gyroscope. The X» Ys Z, and Zo axes of 


Fig. 2.2 have the same significance as in Fig. 1.18. The rotor 8 of the gyroscope 
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ie carried in the frame 9. The frame with the rotor ani gyromotor stator 12 Se 
enclosed in a hermetic, perfectly cylindricel shell 7 to form a unit to which we 
shall refer henceforth as the floating gyrosssembly. The latter is mounted in the 
bearings 4, which are located in the hermetic housing 1 of the instrument in a 
manner which permits it to rotate about the x-axis with respect to the housing. 


Along the section AB, which covers the fioating gyroassezbly, the housing 1 is 





Fig. 2.2. Simplified drawing showing design of floating integrating gyroscope: 

1) housing; 2) balancer nuts; 3) yokes; 4%) gyroscope frame supports; 5) stator 

of microsyn output-signal detector (pickoff); 6) rotor of microsyn output- 

eignal detector; 7) shell; 8) gyroscope rotor; 9) yoke (gyroscope frame); 

10) rotor of mtcrosyn corrector (torquer); 11) stator of microayn corrector; 

12) gyromotor stator. 

* 

perfectly cylindrical in form. There is a small uniform gap (of the order of 0.2 
mm) in this section between the surface of the floating gyroassembly shell and the 
inn:r surface of the instrument housing. The entire unoc:upied space inside the 
instrument housing is filled with a liquid having a high specific gravity. This 
liquid serves to relieve the bearings of the floating gyroassemvdly, frotect them 
from shock and vibration, and generate a damping moment. The outer surface of the 
shell 7 (in the section AB), the inner surface of the heusing 1, ani the liquid in 
the gap between them perform the functions of a damper. The liquid end the clear- 


ance between the floating gyrosssezbiy shell ani the instrument housing are chosen 


f* 
a- 


60 that the damping moment will be strictly proportional to the velocity of rota- 
tion of the floating gyrcassembly, i.e., 8o that there will be friction proportion- 
al to the first power of this velocity, at all operationally possible velocities of 
rotation of the floating gyroassembly with respect to the instrument housing. Under 
operational conditions, the entire instrument is placed in a chamber in which the 
temperature is automatically maintained constant. Automatic reguiation of temper- 
ature is necesscry for the following reasons: 

1) the specific gravity of the filler liquid is determined by temperature. 
By suitable adjustment of the temperature, the specific gravity of the liquid can 
be made approximately equal to the mean specific gravity of the floating syro- 
assembly. When this condition is met, the effective load on th> bearings of the 
gyroassembly can be reduced to a very small value. Matntenance of the liquid at 
the proper specific gravity is the chief purpose of temperature regulation; 

2) temperature determines the viscosity of the liquid and the value of the 
specific damping moment. But since floating integrating gyroscopes are employed in 
practice in conjunction with servoirives, variation in the specific damping moment, 
as a rule, only affects the dynamic characteristics of the system; 

*3) a change in the temperature of the Mquid produces changes in the posi- 
tions of the center of gravity of the floating gyroassembly and the center of 
pressure with respect to its axis of rotation, which may lead to increased imbal- 
ance of the floating gyroassembly and the action of transfer accelerations on the 
instrument. 

It should be noted that, as a rule, the problem of the regulation of tempera- 
ture and specific gravity is always more complicated than elimination of the dif- 
ficulties which arise es a result of variation in viscosity. 

The virtually complete relief of the bearings permits the use of Jjewelled 
instead of ball bearings and reduction of the frictional moment to a negligibly 


small and stable value, and also enables the position of the x axis with 
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respect to the instrument housing to remain invariable for practical purposes. Im- 
mersion of the gyroassembly in liquid ensures great strength and stability in with- 
standing shock and vibration without damage, and prevents almost all disturbance of 
dts characteristics at moments when disturbing forces act upon it. It is possible 
to obtain very high performance levels in a ficating integrating gyroscope over a 
wide range of input angular velocities by appropriate selection of the design of 
the floating gyroassembly, the instrument housing and the liquid. 

The floating gyronssembly is carefully balanced to bring its center of gravity 
into coincidence with the center of pressure and reduce its buoyancy to zero. Thus 
a floatirg gyrcassembly ionskeed in liquid of the required specific gravity and 
warmed to operating temperature should poscess zero buoyancy, be free of x-axis 
trim, and be in equilibrium with respect to this axis. The elimination of trim 
and reduction of buoyancy to zero are most efficiently accomplished by means of 
weights attached to the x axis at either end of the floating gyroassembly (these 
weights are not indicated in Fig. 2.2). Equilibrium relative to the x axis is 
established by means of the four nuts 2, which are screwed onto four mutually per- 
pendicular threaded rods attached to the shaft of the floating gyroassemb.y. One 
pair of rods is directed parallel to the spin axis z, and the other perpendicular 
to it. Only two of the rod-and-nut devices appear in Fig. 2.2; the other patr is 
omitted from the illustration. The floating gyroasserbly is balanced prior to 
installation in the instrument housing. The fina” balancing operation about the 
x axis is carried out with the instrument completely assembled, i.e., after its 
housing has been filled with liquid and hermetically sealed. This should be done 
under the operating conditions of the instrument. This balancing operation is 
accomplished by adjusting the same nuts 2. The nuts are turned by means of the 
yokes 3 which grip them across their flats. The yoke heads extend hermetically 
out through the housingl and are provided with screwdriver slots. 


The final balancing about the x axis makes it possible to reduce the 
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systematic disturbing moments which act on the floating gyroassembly about this 
axis to a minimum. It was noted above that the ent‘re device is installed in a 
chaster provided with automatic temperature regulation. The need for autozatic 
maintenance of a constant terperature will become clear when it is rezembered that 
the gyrouotor enclosed in the shell continually generates heat in significant 
quantities while the conditions for loss of heat to the surrounding space may vary 
considerably. Without positive automatic temperature reguiet‘icn, therefore, the 
floating integrating gyroscope could not 
generally operate with ~he very high pre- 
cision require’ of it. The time required 
to bring the instrument to the proper 


operating state is determined by the time 





needed to establish the necessary stable 


. temperature regime. In designing a 


' Fig. 2.3. External view of microsyn: floating integrating gyroscope, there- 
' 1) laminated stator; 2) rotor; 3) stator 


shaft; 4) wound spools mounted on stator fore, careful attention should be devoted 


poles; 5) effective air gap. 
to thoge of its parameters which charac- 


| terize it as an object of temperature control. Devices known as microsyns are used 


in the present instrument (see Fig. 2.2) as the output-signal detector (pickoff) 


and the corrector (torquer). Their rotors 10 (pickoff) and 6 (torquer) are rigidly 


fitted tc the axle of the floating gyroassembly, while the corresponding stators 


11 and 5 are attached to the inatrument housing. Yae two rotors are identical. 


The laminated stator blocks are also identical. The microsyn is shown separately 


in Fig. 2.3. 


let us consider, in general terms, the operating principle and design of the 


microsyns. 


Tae design of the microsyn pickoff and the microsyn torquer is identical; the 


a@ifference between them consists solely in the purposes for which they are used. 
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The microsyn pickoff operates on alternating current only, while the microsyn 
torquer works on both alternating and direct current. The stator 1 of the micro- 
syn (Fig. 2.4) takes the fora of a symmetrical, four-pole magnetic circuit and is 
built up from individual laminse of a ferromagnetic material characterized by the 
smallest possible hysteresis. The rotor 2 is a two-pole design with 90° pole arca, 
and is also composed of separate laminae of a ferromagnetic material with minimal 
hysteresis. ach pole of the stator car- 
ries a primary and a secondary coil. The 
primary coils are series-connected in the 
manner shown in Fig. 2.5, and form the 
excitation winding, which, when supplied 
with an excitation current of voltage 
U_, magnetizes the stator pole as indi- 


"ex 
cated in Fig. 2.4. If the excitstion cur- 





rent is a direct current, which it may be 


Fig. 2.4. Schematic representation of in the case of the microsyn torquer, the 


microsyn: 
1} rotor; 2) stator; Pi» Pos Pa: P,,) indicated polarity will remain unchanged. 
coils of primary windings; S,,~S2, 33; 
8),) coils of secondary winding. If, however, an alternating current js 


aupplied to the excitation winding, the 

polarity of the poles will alternate with the frequency of the alternating current. 
fhe secondary coils are als» series-cunnected and form the secondary winding (Fig. 
2.5). The coils on opposed (unlike) poles are connected accordingly (coils 8) 
and S33 So and 3,,)- The two pairs of coils produced in this way ere countercon- 
nected (Fig. 2.56). Thus the coils $, and 83 are connected with the coils S, and 
8, in such a way that their phases are opposed. 

In the starting position, each pole of the rotor overlaps half of each of 
two unlike poles of the stator (Fig. 2.4). The effective angle of rotation of 


the rotor is usually small. Thus the total overlap of like poles of the stator 


¥-18-9910/V 8h 


wr 


by the rotor remains the sace. 





# 
iE’ Let us examine the operation of a 
1 
= microsyn as an output-signal detector. 
i 3 ‘. In this case it functions as an inductive 









pickoff acting on the principle of the 


differential transformer. The job of the 


a | 
a =a 
b] un" 
mn 
my 
© 
7 





Prigge® 


“ES feat tenth 


1 Gia — 
=} ie | microsyr. pickoff is to deliver at its 


tee 
s. - 
pt ; | gE a é secondary-winding output a voltage Ui 
i 
=~ proportional to the angle of deflection 
a} _ & of the rotor from its original posi- 


Fig. 2.5. Diagram of micrsayn windings: tion ( #2 0), which corresponds to the 
a) Aisposition of windings in stator; b) 
relative positions of prizeary and second- zero value of Uoute The phase of this 
ary windings; ¢) directions of currents 
induced in secondary coils 3), So, 83, voltage is determined by the direction 
and 3, in ome half-period. 

in which the rotor is delfected. With 
, the rotor in its startin, position, the flux created by the coils of the primary 
1 
| winding induce an identical enf in each pair of opposed secondary-winding coils, 
\ 
| due to the perfect syometry of the system in this position (See Fig. 2.4). Since 
| the coils S and S are phase-opposed to the coils S, ani S (Fig. 2.50 and ¢), the 
resulting voltage U,,, at the secondary-winding output will be zero in the case 
under*examination. Yor the sake of clarity, the directions of the currents in 
the secondary-winding coils during one half-period are indicated by arrows in Fig. 
2.5c- If the rotor ir now deflected from its original position through a certain 
angle, let us say in a counterclockwise direction, the amount by which it overlaps 
the poles 2 and 4 will increase, while the overlap of poles 1 and 3 will decrease 
(see Fig. 2.4). This will result in redistribution of the flux created by the 
8, and 
and ®3, induced in the coils S) and 33 smaller 


primary-winding coils, so that the emf's Es, and ES, induced in the coils 


8, become larger and the emf's Es 
7 1 
by comparison with the values for the original position. A voltage Use having 
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the phase of the emf induced in the coils S, and Sy (see Fig. 2.5¢) will therefore 


2 
appear at the: secondary-winding output. The amplitude of this voltage will be 
proportional to the angle cf deflection § of the rotor from its starting position. 

Upon deflection of the rotor from its starting position through an identical 
but cppositely-directed angle, the phase of “he voltage Usage will be reversed, but 
4ts amplitude will remain the same. 

Ve have stated that Vout will be proportional to the angle of rotation 8 of 
the rotor with respect to the stator. This will apply, however, only in cases 
where the total flux created upon rotation of the rotor by the primary coils re- 
mains constant, and its redistribution among the poles of the stator, which serve 
as the cores of the coils, proceeds in strict proportion to the angle of rotation 
of the rotor from its center position. The extent to vhich this requirement is 
fulfilled will depend on the precision with which the geometrical shape and 
dimensions of the rotor and stator are maintained, the precision with which the 
proper air gap is maintained between the poles of the rotor and stator, the 
degree of uniformity achieved in the magnetic properties of the laminated rotor 
and stator blocks, and the precision with which the windings are fabricated. It 
is perfectly obvious that the larger the effective angle of rotation of the rotor, 
the moro difficult it will be to keep this angle proportional to the voltage Uoae* 
Hence the working angle must be kept small. Moreover, a microsyn pickoff whose 
parameters have been suitably chosen and which has been carefully made, assembled, 
and regulated is virtually inertialess at small working angles. The resultant 
force attracting the rotor to the poles of the stator is also practically zero 
under these conditions. These last characteristics of the microsyn are highly 
important since they make it possible to obtain an output signal with the exertion 
of practically no reactive force on the gyroscope. 


One of the principal advantages of the microsyn pickoff over the potentiometer 
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pickcff is the fact that it does not make use of sliding contacts. In addition, 
the sensitivity threshold of a wire potentiometer is limited by the diameter of the 
wire, while in the microsyn it is virtually zero (1/600°, which, for a rotor 
approximately 13 mm in diameter, corresponds to a 0.26-m linear displacement of 
the rotor pole relative to the stator pole). Thus in all instances where the 
angle to be measured is small, the microsyn possesses considerable advantases over 
the potentiometer. In this connection, however, we should not overlook the weight 
of the microsyn rotor, which is, of course, considerably greater than that of the 
potentiometer wiper. This fact does not apply to the floating gyroscope. 

Although in practice microsyn pickoffa are made in a variety of sizes, the 
outer diameter seldom exceeds 51 mm. In certain cases in which the dimensions 
must be kept tc a minimum, microsyns are made with outer diameters of approximately 


19 mm. The typical microsyn pickoff has an outer diameter of approximately 38 ma, 


weighs about 57 g and displaces a volume of about 16.4 cm3. For excitation by a 


current of 50 ma and 400 cps, the amplification factor (sensitivity) of a microsyn 


pickoff of this kind will be 


U 
K = —out_ = 12 mv/mrad 
~e Vout 8 


' for a range of rotor angles of rotation @ = + 107. 


Let us turn now to consideration of the operation of the microsyn as a correc~ 
tor. In this case it must develop a moment proportional to the value of the 
control current toon delivered to the input of ita secondary winding. The direc- 
tion of the moment must be detercine’ by the phase or polarity of the voltage 


Von impressed on the secondary winding. In addition, the magnitude of this 


’ moment should not depend in practice on the angle of deflection of the rotor from 


its starting position, even at small values of this angle. 
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Suppose that the rotor isn in its starting position. Let us apply to the 
secondary-winding input a corrective voltage Goon whose polerity (if the zicrosyn 
torquer is fed with direct current) or phase (if the microsyn torquer its fed with 
alternating current) fs such that the secondary coils So and S, generate fluxes 
coincident in direction with the fluxes from the primary coils P, and Py, thereby 
amplifying the fluxes of poles 2 and hk. Here the fluxes of coils S) and $3 will 
be opposed to those of coils P) and P3, and will weaken the latter accordingly. 
The result is the appearance of a moment which tenda to turn the rotor in the di- 
rection of increasing magnetic field strength, i.e., to the left. The magnitude 
of this moment will be proportional to the product of the currents lex and Inon 
supplying the primary (excitation) and secondary windings. Since I,e:, 19 constant, 
the rotor moment will be proportional only to the value of the current I... fed to 
the secondary winding. 

If the phase (or polarity) of Uson 18 now reversed, the fields of poles 1 and 
3 will become stronger while those of poles 2 and 4 will be weakened; this results 
in a change of sign :n the rotor monent. It is noted that some hysteresis appears 
when the microsyn torquer is fed with direct current. This, however, may be 
eliminated readily by the use of high-frequency alternating current. 

When the primary winding of a microsyn torquer is fed with either alternating 
or direct current aud no current flows in the secondary winding, the effecta 
exerted by the poles 1,4 and 2,3 on the rotor, under ideal conditions, will cancel 
each other out. Consequently, thr rotor moment in the absence of a current I.on, 
will be zero. 

In conclusion, it is again noted that the microsyn wil. function satisfactor- 
4ly only if it is constructed and regulated with extreme care. In the floating 
gyroscope, as will be seen fron Fig. 2.2, the microsyn is immersed i liquid. 

Any working design for a floating integrating gyroscope must include a number 


of components which have been omitted fron Fig. 2.2 for the sake of simplicity. 
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For example, the drawing does not indicate the leain whica provide the gyromotor 
with current from an external source. It is highly important that these current 
leads be practically inertialess, 1.e., that they apply only a negligibly small 
moment to the floating gyroassembly. This requirement is satisfied by the use of 
thin band-type leads of high-grade material which are semicircular or spiral in 
shape in the unstressed state. One-end of the lead is fixed to the housing and 
the other to a component of the mechanism wnich communicates with the floating 
Gyroassembly. After installation, the lead remains in the unstressed state when 
the spin axis of the gyroscope occuples 
its starting position. Since the float- 
ing gyroassembly turns through small 
angles when the instrument is in opera- 
tion, the moment which such a current lead 


applies to it will be negligibly small. 





A schematic representation of the 


Fig. 2.6. Schematic drawing showing principle of the floating integrating 
principle of floating integrating 

gyroscope: 1) instrument housing; 2) gyroscope under discussion ts shown in 
bearings of floating gyroassembly; 3) 

microsyn output-signal detector Fig. 2.6. As before, the axes oe. are 
(pickoff); &) gyroscope frame; 5) 

gyroscope rotor; 6) microsyn correc- attached to the instrument housing. The 
tor (torquer); 7) liquid danper; y) 

input (measurement) axis of instru- Zz axis is the gyroscope spin axis; the y 
ment; x) output axis; z) spin axis : 

of gyroscope; Zo) initial position axis is the measurement (input) axi: of 
of spin axis z; the axes Oxyz 
are attached to the instrument 
housing. 


the instrument; the x axis is its output 
axis, and the Z5 axis defines the initial 
position of the spin axis z. %In the drawing !n Fig. 2.6, the microsyn stators are 
represented by discs, and the rotors in the form of pairs of triangular petals 
which represent the two poles of each rotor. We shall use this scheme from now 

on to represent the floating integrating gyroscope. 


4 
An axonometric projection of the Type 10 floating integrating gyroscope 
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under consideration appears in Fig. 2.7. Type designation is based on the value 
of the angular momentum H of the gyroscope expressed in cgs units. “Type 10°" 
designates @ gyroscope for which E «10° em - en® - sec” 210.2 gf-cm-rec, 

The functions of the basic design components of this gyroscope will be 
readily understood on comparison of Figs. 2.7 and 2.2. Therefore, we shall 
merely concern ourselves with certain details of the instrument's construction, 

The instrument housing may be disassembled and consists of a central section 
6, two lateral sections 2 and 10 and a cover ll, which are joined hermetically to 
one another by means of the bolts 15. The gyromotor {fs mounted in the yore 19 
(in Fig. 2.2, this is keyed with the number 9). The rotor of the microsyn 
pickoff is installed to the left of the floating gyroassembly 17, and the torquer 
rotor to the right of it. The microsyn st tors 19 and 16 are attached by the 
screws 9 to thin-walled ring-shaped components with the flanges 5 and T» respec- 
tively. The flanges are apparently gripped between the components 3 and 6 and 
6 and 10 of the instrument housing. The spaces 3 and 7 probably serve to permit 
adjustment of the positions of the microsyn stators with respect to their rotors. 
If this is the case, there siuuld be four such Spaces located at 90° intervals 
around each stator. The position of the stator would be adjusted by exerting 
pressure through these spaces to shift the stator in the desired direction. 
Whether or not the stator is in the correct position may be judged from the output 
signal of the microsyn pickoff. The plate 4 appears to be a screen intended to 
shield the microsyn pickoff from disturbances arising in the gyrometer during its 
operation. Current is supplied by the gyromotor by means of the band-type leads 
12 (of which there sree be threc) installed fn component 13. The compensating- 
membrane chamber 14, which communicates with the internal cavity of the instrument 
housing, is installed in the cover ll. The liquid in this chamber serves to 
compensate variations in the volume of the liquid contained in the instrument 


housing caused by changes in its temperature. The angle of rotation of the 
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floating gyroassembly relative to the {nstrument houcing {is limited to + 5° by a 
stop pin secured on the right in the central section 6 of the instrument housing. 
All of the electrical inputs and outputs of the instrument are by way of the con- 


tact pins 1 located in the base of the device. 





Fig. 2.7. Design of Type 10% floating integrating gyroscope: 


1) pins for current-supply leads and output-signal pickup; 2, 6, 
10) components forming instrument housing; 3,8) spaces for adjust 
ment of microsyn stator positions; 4) screen; 5, 7) flanges for 
attachment cf microsyn stators to instrument housing; 9) bolts 
attaching microsyn stators to flanges 5, 73 11) cover; 12) band- 
type lead; 13) disc carrying supply leads; 14) membrane chamber; 
15) assembly screws far housing comporents; 16) stator of microsyn 
torquer; 17) floating gyroassembly; 18) yoke (gyroscope frame); 
19) stator of microsyn pickoff. 


A conjectural section through the gyromotor is shown in Fig. 2.8b. 
The MIT~Type 10% floating integrating gyroscope No. T9 has the follow- 


ing characteristics (Tables 1 and 2): 
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Table 1. 


Designation 


Weight of gyroscop> 
rotor 


Axial moment of inertia 
of gyroscope rotor 


Proper-rotational velo- 
city of rotor for 400- 
cycle feed current 


Angular momentum of 
gyroscope 


Weight of floating gyro- 
assembly 


Moment of inertia of float- 
ing gyroassembly with re- 
spect to its x-axis of 
rotation 


Maximal angle of rota- 
tion of floating gyro- 
assembly from its initial 
position with respect to 
instrument housing (as 
permitted by stops) 


Radial clearance of 
damper 


Specific gravity of 
fluid 


Viscosity of fluid at 
Ti" -¢ 


Specific damping moment 


F-TS-9910/V 


Theore- 
tical 
Value 


11.79 


Dimensions 


0.0122 


8000 


ef 


gf-cm-sec* 


gf/cm 


centipoises 


gf- cm 20.39 


rad/sec 


gf-cm 5.92°107> 


¢/min 


Values Determined Prior to Final Assembly of Device 


Measured 
Value 
11.81 


0,0122 


8000 


687 


22.12 


6.43+10°> 
(calculeted) 





a> 


Table 1. (continued) 


Designation Symboi| Dimensions 


12 Microsyn-torquer moment 
M. obtained when pri- 
mary and secondary wind- 
ings are supplicd with 
currents zs and I 


whose products I ° 
ex 


I 
con 


13 Sensitivity of microsyn 


K 
pickoff for excitation “BUout 
current of 125 ma ,h00O crs 


1b Ratio of output voltage c 
of microsyn pickoff. 


t ct I! ' 
o produ i Her 


U 
out 


and f are the magnitude 


2 


and frequency of the exct 
tation current, and 6 is 
the angle of rotation of 
the floating gyroassembly 


Table 2 


= 1m 






Measured 
Value 










Cc \ 51074 f 4.14. 
= 4,08-10 14.10 


=coOn 


2 






mv/mrad 
volts/degree 
volts/degree 






mv/ma-cps«rad 


nv/ma *cps*deg 


Values Determined after complete Assembly of Device 


Phase voltage of gyromotor 


supply 


Frequency of gyromotor 
current supply 


Phase current of gyromotor 


Temperature in damper gap 


Zero-point output signal 
of microsyn pickoff (sig- 
nal delivered by device at 
zero input angular veloci- 
ty «» and torquer control 
current Lo (spurious sig 
nal due to interference 
harmonics 
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Table 2. (continued) 


Theore-=- 
Designation tical Measured 
Value Value 


Drift velocity due to im- rad/sec 
balance of floating gyro- °/min 
assembly 

Drift velocity due to mo- rad/sec 
ments which cannot be ta- °/min 
ken into account due to 

their random nature 

Smallest detectable velo- rad/sec 
city of rotation of device ° min 
about measurement axis y 


Largest value of measured rad/sec 
input angular velocity rpm 


Time constant sec 


Ratio of angular velocity [ K rad/sec 
B of floating gyroassem- rad/sec 

bly to input angular ve- 

locity w 


Ratio of angular velocity 2 rad/sec 
B of floating gyro- 


assembly to product of 


currents I and I 
ex =con 


applied to primary and 
secondary windings of 
microsyn turquer 


Ratio of angular veloci- 

ty B of floating gyro- 

assembly to angular accel 

eration + of instrument 

housing about output axis 

x 

Ratio of angular veloci- 

ty w to which (velocity) =exlcon’*™ 

application to currents K 

I. and I to primry {| yr 2 
ex con 

and secondary windings ae 

of microsyn torquer is -— w,B 
equivalent (in its effect 

on the floating gyro- 

assembly), to the pro- 

duct of these currents 
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Theoretical Measured 
Value Value 


Ratio of angular veloci 
ty # to which (veloci- 
ty) rotation of instru- 
ment housing about its 
output axis x with an 
acceleration 7 is 
equivalent (in its 
effect on the instru- 
ment), to this accel- 
eration 


volts/sec 


rad/sec 


off output voltage to mv/sec 
input angular velocity w 


Ratio of rate of change 


U ze - 
ide of microsyn-pick 


off output voltage re- 

sulting from delivery 

of currents I_ and 
—ex 


to primary and 


Fon 
secondary windings of 
microsyn torquer to 
the product of these 
currents 


It is seen from Tables 1 and 2 that the weight of the floating integra- 

ting gyroscope rotor is very small (~ 12 ef) and that it has a small specific 
moment of inertia (~ 0.012 gf-cm~sec”) , By way of comparison, we might note 

that the cards of fluid-filled magnetic compasses (types A-4, KI-11, etc,) have 
approximately the sate weight and moment of inertia, At the same time the proper- 
rotational velocity of the rotor is comparatively rather small at 8000 rpm. It 
will also be seen from Tables 1 and 2 that the angular momentum of the floating 
gyroscope is relatively small ( ~ 10.2 gf-cm-sec), The total weignt of the entire 
floating gyroassembly, 53.6 ef, is quite typical. All this gives some idea of 


the very small dimensions of the device {itself and the high technica). requ’rements 
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inevitably involved in the manufacture, assembly, regulation and testing of the 
floating gyroscope. 

The device operates at smill angles of deflection of the floating gyro- 
assembly from ‘+s ortginal position, since the working angles mst be smller 
than the angles of rotation permitted by the stops, + 5° +0.5°, This ensures 
virtual linearity of both éyroscopic moment and output voltage as functions of 
the angle of deflection. The op2rating temperature of the instrument {s 71,1° Cs 
This 1s because the fluid used (more exactly, the medium used to fill the instru- 
ment) is too viscous or completely solidifies at normal temperatures, and only 
acquires the required viscozity at this bapoecetiee 

The drift velocities due to imbalance of the floating gyroassembly 
(~ 0.103°/min) and to moments of an accidental nature (~ 0.034°/min) are worth 
necting. This drift attests to the Great difficulty encountered in balancing and 
regulating the device, It is highly important for the drift velocity to remain 
constant in magnitude and direction. It can then be reduced with relative ease 
by supplying the corrector with the appropriate constant current Zeon? 

The time constant of the instrument under consideration is only 0.0027 
sec (calculated value 0.0017 sec), a figure which indicates the rapidity with 
which transient processes run their course, 

The instrument was designed to detect angular velocities beginning with 
5 a0" rad/sec (0.172°/min), or a velocity smaller by a factor of 1.46 than that 
of the eart 1's diurnal rotation. In other words, it bas to sense an angular 
velocity approximately equal to one revoluticn per thirty-six hours. The tests 
showed that the instrument was able to detect a considerably sim ller angular 
velocity. At the same time it has to be able to measure angular velocities 
higher than 4.5 rad/sec, i.e., more than 42 rpm. Hence, the theoretical ratio be- 
tween the maximum @nay and minimm @yin Values of the measured angilar velocity 


is 9-10", Since the actual value of @min 18 less than the theoretical value, 


F-TS-9910/V G3 


7 


a 


the effective value of the ratio is even greater. It should be pointed out 

that # nin is dependent upon both the moment of friction in the supports of the 
floating gyroassembly and the level of electrical interference which disturbs the 
correct functioning of the instrument. 

Let us consider sume of the industrial models of the floating integrating 
gyroscope made in America, known by the abbreviation HIG (Hermetic Integrating 
Gyroscope). A figure is usually added to these letters to indicate the power to 
which the number 10 must be raised to obtain the angular momentum of the gyroscope 


H in cgs units, t.e., in g-om@ - sec"; for example HIG-3 (H = 103 g-cm-sec"*), 


HIG~6 (#2106 geem’-sec™-), and so on. 

Figure 2.8 shows the main features of the design of the HIG-4 made by 
the Minneapolis-Honeywell firm. Some of the parts may not be reproduced exactly. 
Basically, the instrument is similar to the one considered earlier, depicted in 
Fig. 2.7. The floatir ; gyroassembly consists of a hermetically-seuled shell con- 
taining an asynchronous gyromotor, The shell is mde from two sections 11 and 
14, and from the kinematic point of view constitutes the gyroscope frame. The 
sections 11 and 14 are connected respectively to tie shafts 34 and 23 which lie 
along the geometrical axis of the cylindrical shell, which is the x axis of ro- 
tation of the floating gyroassembly. The ends of the shafts are fitted with 
journals which insert into Jewelled socket-bearings attacned to the walls of the 
housing 6 (as in Fig. 2.7, the housing is sectional), There should be Jewelled 
disc bearings behind the sockets to receive axial loads, 

The gyromotor, like the one shown in Fig. 2,86, is mounted on an immo~ 
vable axle 12 between the brackets 13 and 28 of the unit 14, The axle 12 passes 
through openings in the brackets 13 and 28, the upper pirt of it being held by 
bracket 13. The lower end of the axle 12 is threaded and ‘he nut holding the 
axle in place is screwed onto it (this ie not visible in Fig. 2.8). The parts 


attached to the axle 12 are the plate 30, the socket 31, to which its fixed the 
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Gyromotor stator 27, and the inner rings of the magnetic-type bearings 10 and 29 
of the gyromotor rotor with the spacer 8 between them. The inner ring of bearing 
10 bears on the shoulder of the axle 12 while the ring of bearing 29 bears on the 
end of the stator socket 31, The outer rings of the bearings and the spacer 33 
between them are fixed to the socket of the rotor 26; the outer ring of bearing 
29 pushes against the shoulder of the rotor socket 32. The outer rings of the 
bearings in the rotor are kept in place by the cap 9 which is screwed to the 
Gyromotor rotor by the screws 7, The tightness of the bearings is regulated by 

a nut at the end of the axie 12. 

Current is supplied to the floating gyroassembly through band-type leads 19 
lying in one plane. The angles of rotation of the gyroasc2mbly are restricted by 
the stop 15 wnicta is attached to the instrument housing by one end, the other end 
fitting into an arresting socket in the unit i4, 

Tne rotor 36 of the microsyn-pickoff is attached to the shaft 34, and the 
rotor 18 of the microsyn-torquer to the shaft 23. The laminated stators 5 and 
17 with windings 3 and 16 are fixed to the housing of the instrument, The 
Gyroassembly is balanced by four flat self-braking nuts 2 screwed onto the 
threaded balance: rods 35. The nuts are turned by means of the yokes 1, the 
heads 4 of which extend hermetically through the outer surface of the housing. 

Variation in the volyme of the filler liquid due to temperature change is 
compensated for by a corrugated membrane chamber 21 comminicating with the inside 
of the housing via the hollow centcr 20. The sections ma:.ing up the housing are 
held together by the screws 22. All joints mst be hermetically sealed, 

The temperature of the instrument housing is kept constant by an automatic 
temperature controlling device. This is done by varying the current supplied to 
the heating element, 25, which is situated on the outside of the housing under the 
shell 24. ‘The resistance of the temperature sensor is probably located on the 


housing under the heating element. 
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Figure 2.9 shows an HIG-5 floating gyruscope made by the same firm, with one 
section opened. It is similar in design to the HIG-4, but its main difference 
from the iatter and the model shown in Fig. 2.7 is that the gyroscope frume 2 
(see Fig. 2.9) is actually a closed frame and not a yoke as in the HIG-4 and the 
instrument in Fig. 2.7. The face surfaces of the frame take the form of circular 
disks and are used to secure the cylindrical shell which, together with them, forms 
a hermetically-sealed float with the gyromotor inside. The disks of the frame have 
snafts to which ere attached the microsyn rotors. The shafts are equipped with 
journals by means of which the floating gyroassembly is mounted on bearings. At 
the beginning of 1957 these instruments were being turned out at the rate of 300 a 
month. The same firm is turning out (at the beginning of 1957 at the rate of 25 a 
month) an instrument similar in design, the HIC-6, intended for the stabilized plat- 
forms of long-range inertial systems. All three types are shown side by side in 
Mig. 2.10 for comparison of their relative sizes. Each one has its own particular 
features. The HIG-6 has the lowest threshold of sensitivity and the greatest ac- 


curacy. 





Fig. 2.9. HIG-5 floating integrating 
gyroscope: 1) gyromotor; 2) gyroscope 
frame; 3) microsyn rotor. 


Figure 2.11 shows an external view of the HIG-4 made by the Greenleaf Company. 
Figure 2.12 shows a variation of the floating integrating gyroscope somewhat 


different in design from those considered above. This instrument has been devel- 
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oped by Minneapolis-Honeywell. The min feature of its design is replacement of 
the microsyns by a picxoff and torquer of another design; they are both situated 


at the sane end of the instrument. Other differences in construction can easily 


be seen from a comparison of Figs. 2.1? and 2.8. 
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Fig. 2.10. Floating integrating gyroscopes made by Minneapclis- 
poneyeet2: (left to right) the HIG-4, HIG-5 and 
HIG- e 





Fig. 2.11.. External view of HIG-4 floating 
integrating gyroscope made by 
Greenleaf. 


Figure 2.13 shows an external view of two floating integrating gyroscopes 


with angular momentum of 2.10" and 6.05 + 10° gicm-sec™> (20.4 and 6.170 gf-cm-sec) 


made by the Kearfott firm. 
The minimum anguler velocities which are detected by these instruments 


are 4.3 deg/hr and 0.01 deg/hr respectively. The parts are made from materials 


with practically identical linear temperature coefficients of expansion, wi.ica 
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Fig. 2.12. Floating integrating gyroscope: 
1) torquer; 2) pickoff; 3) housing; 4) gyroscope 
rotor; 5) heating element; 6) compensation- 
membrane chamber; 7) floating gyroassembly. 


prevents the possibility of the gyroassembly becoming unbalanced over a wide re ge 
of variation in the temperature of the surrounding medium. These instruments con- 
tain both de and ac correctors, and also dc linear detectors, Deviation from 
linearity throughout the working range does not exceed 0.1% in the former and 
©.17% in the latter. The time constants T are respectively 0.0025 and 0.0035 sec. 
The weight of the instruments ts 626 gf and 2.95 kgf. In addition, the firm 
produces instruments with angular momentums of 225. 10° and 12.5 « 10° g-en"- 
sec”? (2,550 and 12,750 gf-cm-sec). 

One of the very important uses of floating integrating gyroscopes is in 
the construction of stabilized platforms, Here the cize of the platform is 
roughly proportional to the cube of the size of the gyroscope. Hence to reduce 
the size of the platform it is first and foremost necessary to reduce the dimen- 
sions of the gyroscope, but without affecting its accuracy. 


An example of the design of a miniature floating gyroscope is the MIG 
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(Miniature Integrating Gyroscope) which was put into preduction on a small scale 
(about two per month) by Minneapolis-Honeywell at the beginning of 1957. The 
instrument is iniended for inter*tal guided missiles of the short-range tye, as 
well as for use in aircraft. The weight of the MIG is about 270 gf, its diame- 
ter 1s 44.5 mm, and its length is 63.5 mm. The angular momentum 4s H 5102 gf-cm- 
sec and the drift velocity is not more than 0.5 deg/hr. If the instrumert is 
properly regulated when set into operation, the random drift velocity is approxi- 
mately 0.15 deg/nr. 

We should point out that the drift velocity of the MIG is half that of the 
WIG-5 in which {it amounts to l deg/hr, although the HIG-5 is six times as heavy 
and four and a half times greater in volume than the MIG, and also has the same 
angular momentum. This is because in working out the design of the MIG greater 
attention was given to achieving stab‘lity of dimension under the influence of 
temperature variation and shock, to reducing the intake so as to reduce Bie ite 
desirable effects as electromgnetic nonlinearity and asymmetry, and also to 
eliminating anisoelasticity in order to do away with the vibration and moments 
caused by it for all practical purposes; the latter constitute one of the main 
sources of drift. 


Although the parts of the MIG are 


small in size, they mst nevertheless be 





manufactured and assembled with an ex- 
tremely high degree of accuracy. The 
following facts are indicative in this 


respect. The diameter of the laminated 





Fig. 2.13. External view of float- stator of the gyromotor has to be main- 
ing integrating gyroscopes made by 

Kearfott with angular momentum: a) tained with an accuracy of up to 7.6 mu. 
BK = 20.4 gf-cm-sec, and b) H = 6170 

gf-cm-sec. - Polishing is not permissable since it 


causes short-circuiting of the stator plates, which in turn causes magnetic 
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asymmetry. The journals, which are made from tungsten carbide, and the sapphire 
bearings of the floating gyrcassembly have to be almost ideally cylindrical in 
shape. Deviations of more than 0.5 m from ideal cylindrical form are nct tolera- 
ted. The jewel-type bearings used in watches are not satisfactory. 

The basic features of the design of the MIG are shown in Figs. 2.14 and 
2.15. An external view of the instrument can be seen in Fig. 2.16. Figure 2.15 
shows that the float 4, which 1s made of two sections screwed together, acts 
directly as the frame of the gyroscope. The ?.5-watt gyromtor is mounted in the 


left-hand nalf cf the float. The right-hand half is attached after the gyromotor 





Fig. 2.14, MIG-miniature floating integrating gyroscope (1956): 

1) recess for flexible lead; 2) duelsyn rotor; 3) dualsyn 

stator; 4) gyromotor feed; 5) journal of floating gyrc- 

assembly; 6) rotor of gyromotor; 7) floating gyroassembly; 

8) and 9) air-tight inlets. 
has been comletely assembled. The angle of rcta:ion of the floating gyroassembly 
is + 3°. The design mkes the gyroassembly very convenient to assemble, and 
at the same time provides great rigidity and practical isotropy of the elastic 
properties in all planes passing through its rotation axis. At first sight, the 
design is very simple, but this {fs not actually so since manufacture of it with 


the requisite accuracy is extremely complicated from the technological standpoint. 
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This difficulty, however, {s fully compensated for by the advantages of the de- 
sign when compared with the designs of the &yroassemblies in the instruments we 
have considered above, The floating Syroassembly has Journals made of tungsten 
carbide 0.46 mm in diameter. They are Inserted into dJewelled bearings fixed to 
the instrument housing. The suitable Journals and bearings are found by selection. 
To increase the rigidity of the gyromotor rotor axle, it is made in the form of 
two cones rigidly attached to the rotor 5. The elastic properties of the design 
@re isotropic for practical purposes. The floating gyroassembly is filled with 
helium. In the instrument. under consideration the microsyn-pickoff and microsyn- 
torquer are incorporated into one unit called a dualsyn. Thus the dualsyn ts 
both the output-signal detector and the corrector (torque generator). The dualsyn 
consists of a multipolar rotor 2 (Fig. 2.14) attached to the floating gyroassembly 


and @ corresponding stator 3 attached to the housing. In Fig. 2.15 the stator and 





Fig. 2.15. MIG - miniature floating integrating gyroscupe (1957): 
1) hermetically-sealed inlet; 2) flexible lead; 3) heating and 
heat-sensitive elements; 4) float (gyroscope rrame); 5) gyro- 
motor rotor; 6) dualsyn stator; 7) dualsyn rotcr; 8) instrument 
housing; 9) jewelled bearing; 10) bellows; 11) flat internal 
heating element. 
the rotor of the dualsyn are marked 6 and 7. The plates of the rotor and stator 


@re made from a ferromagnetic mterial with strong magnetic properties. The stator 
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has four windings of 0.ll]-mm wire, two for the alternating current required by the 
dualsyn when working as an output signal detector, and two for direct current for 
when it is working as the corrector. The worxing principle of the dualsyn is 
similar to that of the microsyn-detector and microsyn-corrector. 

The instrument is filled with "fluorolube” (a fluoro-organic compound) 
which is solid at normal temperatures. The filling is done ina special way that 
in effect prevents the formation of afr bubbles, which disturb the balance of the 
Gyroassembly. Variation in the volume of the liquid due to temperature is compen- 
sated for by the bellows 10. 

To maintain tne temperature at 82.2° C, the instrument contains the 7-watt 
internal heating element 11 and heating elements 3 (see Fig. 2.15). The desired 
temperature is automatically maintained. The resistance of the sensitive element 
4s 980 ohms. 

Current is supplied to the gyromotor by the flexible leads 2 (Fig. 2.15) 
in the recesses 1 (Fig. 2.14). One end is soldered to the element connected to 
the housing, while the other end is scldered to the hermetically-c.aled {nlets 9 
(see Fig. 2.14) of the floating gyroassembly. 

A comparison of the Figs. 2.12, 2.14, and 2.15 mikes it clear that the 
instrument in Fig. 2.12 is the forerunner 9% the MIG. 

In the main it differs from the MIG 
in the arrangement of the detector and 
corrector, the elastic compensation cham- 


ber (a membrane chamber instead of the 





bellows in the MIG), the heater and the 
Fig. 2.16. External view of the MIG rotor axle (in the form of cylindrical 
(1957). 
cups, whereas in the MIG it consists of 
cones). In Pig. 2.12 the pickoff and torquer are at the same end and have moving 


coils. The fact that they have been replaced by the dualsyn shows the advantages 


F-TS-9910/V 106 


a 


<> 


of the latter in comparison with other errangements intended for the same purpose. 

Besides these instruments, the firm Minneapolis-Honeywell also maxes the 
GG37 floating integrating gyroscope, known as the ISIP (five such instruments 
were produced at the beginning of 1957). It 4s designed specially for use in con- 
structing stabilized platforms for long-range inertial systems, Its dimensions 
are: diameter 83.8 mn, length 116.8 m, and drift velocity 0.01 deg/hr. 

Floating integrating gyroscopes are high-precision insi:uments. Their 
accuracy is s0 great tnat a comparatively short time ago it was considered that 
such accuracy could only be achieved in a few individual laboratory model: and 
under laboratory conditions. Many of the parts of the gyroscope have to be made 


with an accuracy of up to 0.5 microns. A number of complex technological prob- 


‘lems had to be solved before it became possible to mass-produce these instruments. 


The floating gyroscopes have to be ass 2mbled in specially equipped rooms 
free from practically all dust. The temperature, humidity, and pressure in these 
rooms must be kept constant. In the Sperry Company's assembly rooms, for example, 
the air is purified to the extent that no particles of dust larger than 0.3 «u 
remain, The temperature is kept constant to within half a degree, and the humi- 
dity with an accuracy of 5 percent. 

The use of paper and pencil in the assembly shops is prohibited so that 
the air will not be contaminated with fibre particles and graphite dust. All 
drawings are made on light-sensitive plastic and notes are taken down on sheets 
of vinyl masticated rubber with ball-point pens. The walls of the rooms are 
covered with the same material. 

Work tools are polished to mirror-like brightness and are cleaned ultra- 
sonically each day. All parts not being used at a given time are kept in plastic 
bags or under glass covers. Fach component part of an instrument goes through a 
preliminary-treatment section before being taker into assembly. Here, any pro- 


jecting edges are removed from the parts and they are then electropolished. The 
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removal of projecting edges is carried out under a microscope with X 45 magnifi- 
cation, with the aid of special instruments similar to those used by dentists. 

Before entering the assethly shop the worker has to go throw‘h seven 
special rooms. In the first (outer) sterile room, he washes his hands and face 
(women are not allowed to use cosmetics). In the second his shoes are thoroughly 
cleaned. In the third room his clothes. are cleaned by a stream of air. In the 
next room the worker takes off his outer clothing and puts on nylon trousers and 
a nylon shirt, and over them nylon overalls. On top of his footwear he puts nylon 
coverings, and cn his head a nylon cap. The whole set of nylon clothing is 
Cleaned and sterilized daily. When he has changed his clothes, he enters the 
fifth room where his cluthes are again clemed in an air-stream. Finally, when 
he has passed through two more rooms, he reaches the assembly shop. 

A serious problem has been the need to build test apparatus with an ex- 
tremely high degree of accuracy. This caPbe illustrated by the following in- 
stances taken from the experience of Minneapolis-Honeywell. It was mentioned 
above that the MIG floating gyroassembly is filled with helium. Helium seeping 
through into the liquid filling the housing of the fickting gyroscope creates 
sudden moments which impair the accuracy of the instrument, since helium bubbles 
settling on the gyroassembly or on its bearings cause ea sudden moment as a result 
of imbalance, which, in its turn, gives rise to drift. Special mass-spectromee 
trical devices have been constructed to detect the escape of helium and they can 


3 


measure a leakage rate of 1 cm~ in 30 years. These instruments are used in the 
assembly shops. 
There are similar devices of stil greater sensitivity. One of them, ac- 


3 in 3000 years. 


cording to available literature, can measure a leak of 1 cm 
Another vitel problem is to remove all the air and any other gas from the 
space to be filled with liquid. The gyroscope is filled in a vacuum. Before the 


operation, the gyroscope is heated for forty hours to remove the air and other 
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gases. Warmed “fluorolube” is introduced into the gyroscope in a vacuum. The 


* process of filling takes ten hours. Figure 2.17 shows the work bench at which these 


operations are carried out. On the left-hand bench the floating gyroassembly fs 


a + 


af 4 





Fig. 2.17. Photograph of work bench on which the floating 


eyroassembly is tested for helium leak and the 
HIG-5 is filled with liquid in a vacuum under 





Slass jars. 
' being tested for helium leakage with a mass-spectrometer. On the right can be seen 
a two pieces of apparatus for filling the instruments. The @yroscopes are in evacu- 
ated giass jars. Two HIG-5 gyroscopes can be seen in each jar. The filling is 
carried out automtically. 
Fig. 2.18. Final adjustment and testing of floating gyroscope: 
1) testing stand. 
w 
«> 
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Fig. 2.19. Diagram of uniaxial spatial integrator of angular 
velocity with floating integrating gyroscope and servodrive: 

1) microsyn-pickoff; 2) liquid damper; 3) gyroscope frame; 4) 
@yroscope rotor; 5) microsyn-torquer; 6) floating gyroscope 
housing; 7) part fixing gyroscope housing to shaft 14 (which 

may be considered as a uniaxially stabilized platform); 8) ampli- 
fier; 5) reducer; 10) slave motor; 11) flange; 12) integrator 
(stabilizer) housing; 13) read-out device; 14) shaft (input axis 
of integrator); 15) brushes and contact rings for picking off 
output voltage-signal Usut Tom microsyn-pickof!; 16) brushes and 
contact rings for supplying current Jog to secondary winding of 


microsyn-torquer; y) input axis of gyroscope and integrator; x) 
output axis of gyrcscope; and Zo) initial position of spin axis Ze 


Each operation in manufacturing a floating gyroscope needs a great deal of 
time and has to be carried out with the greatest care. Production of the MIG is 
further complicated by the fact that during its manufacture it has to be assembled 
and dismantled several times. The most critical operations in the assembly of the 
HIG-5 are: 

a) checking the microsyn rotor and stator for production of the output signal; 

b) balancing the floating gyroassembly; 

c) selecting the journals and bearings; 

d) testing the load on the bearings from the characteristics of the gyromotor. 

All these operations are carried out before the instrument is filled with 
liquid. Since the comparatively heavy gyroassembly is supported by slender journals 


of tungsten carbide resting on Jewels during these operations, a small jolt can 


F-TS-9910/V he 


me tm eter ee a = canes 7 -- “oe en 


773 


destroy both the journals and the ieveilas Consequently, this process has to be 
carried out with the greatest caution. 
Tne final teste also take up a great deal of time. It requires about 14 hr 
to test the HIG-4, 7 hr for the HIG-5, 24 hr for the HIG-6 and 2&4 hr fur the 6337. 
It 18 extrenely important to choose a suitable place for the tests since one 
sarah walking across a concrete floor can cause enough shaliin; to disrupt the 
tests completely. Some gyroscopes are tested in the evening when there are fewer 
people about in the pbuilding. The turntable platform is one of the most important 
and critical pieces of test apparatur. 
: Figure 2.18 gives some impresricn of the layout and equipment required for 
the final testing of floating gyroscopes. The {netrument underoin,; examination is 
mounted on the platform l. 


Taple 3 gives the basic characteristics of floating integrating gyroscopes 


produced by different firms. 


It was pointed out above that fl_-ating integrating gyroscopes are most suit- 


able for use as the sensing conponenta of spatial integrators of angular velocity 
with servodrives, and for geometric stabilization of platforms in inertial space, 
which amounts to the same thing in effect. Having familiarized ourselves with the 
| design of the floating integrating gyroscope, we can now turn to consideration of 


its use in the integrator. The schematic layout of an angular-velocity spatial 





integrator with an integrating gyroscope and servodrive is showa in Fig. 2.19. 


‘he floating integrating gyroscope 48 represented here in the same way aa in Pig. 
2.6. In principle the layout is not in any way different fron those shown in Figs. 
1.19 and 1.20. The only difference is that a floating integrating gyroscope is used 
here instead of an ordinary integra=ing ane. The gyro housing 6 is firmly rixed 
_by T to the axle 14 which is the output axis of the integrator. The input axis y 

| of the gyroscope coincides with the input axis of the integrator. The x axis of 


rotation of the gyroassenbly is perpendicular to the y axis. The z 


Zo axis, which 


| | 
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is the initial position of the spin axis Zz, is perpendicuisr tc the x and y axes, 
and tegether with them forms a trihedron., All the axes originate at the point co 
which fs the point of intersection of tne x and y axes. In principle the inte- 
grator functions in exactly the same way a: the integrator and unfaxfal stabilizer 
with an ordinary integrating gyroscope (Figs. 1.19 and 1.20), described in Chapter 
1, Section 7. 

The floating integrating gyroscope is sensitive to considerably smaller 
angular velocities than the ordinary integrating gyroscope in which the friction 
in the frame bearings is extensive. The integrator (stabilizer) with a floating 
integrating gyroscope, therefore, is much more acc.rate as an instrument. We 
will not repeat for Fig. 2.19 everything that has been said with regard to the 
work of the angular-velocity spatial integrator, but will merely point out the 
following. Two basic regimes should be distinguished itn the operation of the 
system; the geometric-stabilization regime and the spatial-integration regime. The 
geometric-stabilization regime is the automtic maintenance of the initial orienta- 
tion of the x and Zp axes connected to the gyro housing in inertial space. It is 
assumed in this connection tnat the oricatation of the input axis y of the inte- 
grator in inertial space remains unchanged, irrespective of the functioning of 
the integrator. 

Any rotation of the housing 12 of the integrator about the y axis in inertial 
space causes a voltage Bo at the output of the microsyn-pickoff 1. This voltage 
actuates the servodrive which will keep turning the component 7 (the platform) 
with the gyroscope housing back to its original position, thus keeping its orfen- 
tation in inertial space constant. The basic characteristic of the fixed geometric- 
stabilization regime is the relationship between the constant values of the angular 
velocity’ w. of rotation of the integrator housing in inertial space about the 
Zz axis and the corresponding values of the angular velocity @~e) Of rotatfon of 


the gyroscope housing about the integrator housing (ere is the transfer velocity 
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of the gyroscope housing). It is clear that in an ideal integrator the values of 
these velocities shculd be the sare, 

The spatial-integration regime is the coercive rotation of component 7 (the 
platform), in other words the gyroscope and connected xX and 2 axes, in inertial 
space about the y axis with the desired angular velocity w. This rotation ts 
effected by supplying a current aA to the secondary windings of the microsyn- 
corrector 5. As was described above, in this case the gyroscope housing rotates 
in inertial space about the y axis with an angular velocity w proportional to the 
current Jaks The angle of rotation about Lhe y exis will be proportional to the 
integral of the current pe with respect tc time. The basic characteristic of 
the fixed spatial-integration regime is the dependence between the constant values 
of the current Dane and the corresponding values of the angular velocity w. 

Thus the study of integrating floating gyroscopes intended for use in inte- 
Grators and stabilizers of the type we have considered should be conducted with 


respect to these two regimes. 


Section 2. Differentiating Gyroscopes 

It has been stated above that at the present time the best-perfected form of 
differentiating gyroscope is the floating differentiating gyroscope. This instru- 
ment differs from the floating integrating gyroscope by the presence of a component, 
either electrical or mechanical, which is intended to impose upon the floating 
Gyroassembly a moment proportional to the angle of deflection fof the Gyroassem~ 
bly from its initial position, corresponding to a zero value of the measured angular 
velocity w and tending to return it to the initial position. As a component of 
this kind, we can ue a@ torsion rod made of any material with good elastic proper- 
ties, which, incidentally, are the same under torque towards either side within 
the working range of angles of twist. 


Figure 2.20 shows the construction of a floating differentiating gyroscope 
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with a torsion rod, designed by the Massachusetts Institute of Technolozy. In 
@esign this instrument is on the whole simflar to the floating integrating cyro- 
scope shown in Fig. 2.7. The main difference is that the right-hand support of 
the floating gyroassembly is made in the form of an elastic torsion rod l. The 
other end of the torsion rod,which is elongated and cylindrical, is rigidly fixed 
to the gyrosssembly. The right-hand end of the rod, which fs spherical, is rigidly 
fixed to the instrument housing by means of a conical clamp. 

The central, elastic, part of the torsion rod (the working part) smoothly 
opens out into the thicker ends which serve to hold it. In this way the torsion rod 
fulfills tvo functions at the same time: firstly, it is a support (on the right- 
hand side in Fig. 2.20) for the floating gyroassembly, and, secondly, when the 
Gyroassembly departs from its initial position, it imposes on it a moment propor- 
tional to the angle of deflection, tending to return the assembly to its initial 

Position, i.e., it acta as does the sprirg 4 tn the differentiating gyroscope in 

i 

‘Fig. 1.17. 

In the design shown there {s no cozrector. A microsyn is used as the detec- 


\ 
tor, as in the floating integrating gyroscope. Its component parts can clearly be 
| ée8a in Fig. 2.14 to the left of the floating gyroassembly. 
| The principle of this type of floating differentiating gyroscope ia shcwn 
| in Fig. 2.21, but for the sake of consistency a microsyn-corrector has also been 
,; included in this figure. 
It is also possible tc have aifferentiaing gyroscope desizns which use some 

_ kind of electrical arrangemert instead of a torsion rod. One such version (with a 
 Pdecuadd circuit) wili be examined later on when we deal with the theory of the 

floating differentiating ayroscope. 
: Tables & and 5 contain the basic characteristics of the floating differentia- 


| ting gyroscope with torsion rod, Type 108, No. 55, depicted in Fig. 2.20. 


i 


F-TS-9910/v 117 





Fig. 2.21. Principle of floating diff2rentiating gyroscope with torsion 
rod: 1) instrument housing; 2) torsion rod; 3) microsyn-torquer; 4) 
Gyroscope frame; 5) gyroscope rotor; 6) microsyn-pickoff; 7) floating 
Gyroassembly bearings; 8) liquid damper; y) input (measurement) axis of 
instrument; x) output axis; z) spin axis; 2) initial position of gyro- 


scope spin axis Zz; axes Ox¥Z5 are connected to the instrument housing. 


Table 4. 


Values determined prior to final assembly of device 
Designation Symbol | Cimensions Theoretica* 
Value 
Weight of gyroscope rotor 


Axteal moment cf inertia of 
Gyroscope rotor 


Proper-rotational velocity of 
rotor for hOO-cycle feed 
current 


Angular momentum of gyroscope get-cm-sec 


Weight of floating gyroassembly gf 


Moment of inertia of floating 
@yroassembly with respect to 
its x axis of rotation 
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Table 4. (Continued) 


Designation ymbol [Dimensions Theoretical] Measured 
Value Value 


7 | Maximal angle of rotation of 
floating gyroas:embly from 
its initial position with 
respect to instrument housing 
(as permitted by stops) 


8 | Radial clearance of damper 


9 | Specific gravity of fluid 


Viscosity of fluid at 
Ti.-l C 


Specific damping moment 


Natural undamped frequency 
of floating gyroassembly in 
absence of darping iiquid 


Sensitivity of microsyn- 
pickeff for excitation 
current of 250 ma 400 cps 


Ratio of output voltage 


Uout of Sn. to 


t 
product Ii, f 5 Atle, 
f are the magnitude and 


frequency of the excitation 
current, and § is the angle 
of rotation of the floating 
gyroar 3emb]ly ) 


gf/ cm 


centipoises 


f-cm 
rad/ sec 


gf-cm 
°/min 





Table 5. 


Values determined after ccmplete assembly of device 


Symbol] Dimensions Theoretical | Measured 
Value Value 


Designation 


Phase voltage of gyromtor 
supply 












“ph 





Tabie 5. (Continued) 


No. Designation 

2 Frequency of gyromotor cur- 
rent supply 

3 Phase current of gyromotor 


4 Temperature in damper gup 


5 Rigidity of torsion rod 


6 Natural undamped freauency 
of floating gyroassembly 
after housing is filled 

. with liquid 


7 Damping ratio (ratio of 
tone damping factor to 
critical damping factor) 


8 Maximum value of detectable 
angular velocity (limited 
by mechanical means) 


9 Minimum value of de- 
tectable angular velocity 
(see Chapter V) 


10 Ratio of output voltage 


microsyn-pickoff Vout to 
input angular velocity ® 


Drift velocity caused by 


displacement of torsion roc. 


from center (zero) positior. 
(see Chapter V, Section 5) 


Drift velocity caused by 
moments unaccountable be- 


cause of their random nature 


13 Mechanical hysteresis of 
torsion red in unive of 
equivalent input enguler 


velocities 
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Value 


Symbol Dimensions 
Value 
fj cps 


-@r 





Ion 


t 


10° 


rad/sec rpm 


nin rad/sec 


- ~ @©-° oe 


On the basis of Tables 4% and 5 we can draw the following conclusions with 
regard to the floating differentiating gyroscope with elastic torsion rod No. 55. 
The nost characteristic feature of this instrument is the comparatively high zint- 
mum detectable angular velocity, «= 0.17 rad/sec., and the, low value of the 

* max Cd 
: ratio : mex = _1.95 =11.5. 


“min nin 0.17 
The comparatively high value of # min does not mean at all that the instru- 





{ 
| 
| i 
| went dves not react to angular velocities less than “ain’ The point is that at 


angular velocities smaller than “oan the proportionality coefficient between the 
| output voltage Us of the microsyn-detector and the measured angular velocity 


t 
,will be « variable value and, to a certain extent » & random one. In the case of 


angular velocities w within the range wrin €Y € Way, this coefficient can be 


considered constant for practical purposes. 


Later on we shall show that in this respect the floating differentiating 


: ! 
gyroscope with a feedback circuit is considerably more efficient; its wis, is 





o 
equal to 0.0009 red/sec w equal to 1.8 rad/sec, and, consequently = 2000. 

max w i : 
The floating differentiating gyroscope requires a considerably smaller 





| 
oe Gamping momeat, and consequently, a le3s viscous liquid than the floating 


integrating gyroscope. This is because the moment created by the damper is utii- 

| ize@® in the integrating gyroscope as a cotinteracting moment and haa to be large if 
the instrusent is to function properly. In the differentiating zyroscope, however, 
this moment is used solely to dampen the vibrations of the floating gyroassembly. 

| It can be seen from the Tables that the specific damping inoment of the differenti- 
eee gyroscope is one quarter of its value in the integrating gyroscope and the 
leans is one third as much. 

| Pigure 2.22 shown an external view of two floating differentiating gyro- 
scopes » types JR and K, made by Minneapolis-Honeywell. According to the advertise- 


| 
‘ments, both these instruments ensure a proportional dependence between the output 


|@ignal and the input angular velocity in the working range with an accuracy of 
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. 0.25% of the docee limit of measurement, 
end withstand excess load through vibra- 
tion up to 15 g at frequencies up to 
2000 cps. The JR withstands impact loads 
up to 100 g applied to any plane, while 
the type K withstands similar loadsa up to 
50 g- Type K weighs 1.64 kg and has 
the dimensions 81.3 (diam.)X 146 mm; it 





; is intended for the control and homing of 


guided missiles, and also for aircraft. 


1, 
Fig. 2.22. Externai view of the Minne- In order that the instrument may be cor- 
| apolis-Honeywell floating 

| differentiating gyroscopes: rectly installed, the mounting flange 2, 


(a) type JR; (b) type K; 
1) graduation line; 2)"mount- as in other floating gyroscopes, is 


ing flange; 3) plate. 

| Marked with e gradu&tion line 1 vhich 
indicates the diametric plane of the output. (measurenent) axis of the instrument. 
laa the line is a plate 3 with the goKas "Output Axis” and in addition there is a 
| dot with an arrow round it shoving the direction of positive rotation about the 
input axis. | 
Type JR has an angular momentim of H « 10° g-cm-sec> = 1020 gf-cm-sec and 
ie equipped with a compensating drrétbenent which maintains the damping coefficient 
constant without heating. ‘The dimensions are 20.8 (diam.) X 85.7 mm, and the 
| sbaseiie time is less than one minute. The instrunent is designed for tactical 
en aystems, which apparently explains its cSapdvatively high kinetic moment 
sta relation to the small size. 
| Figure 2.23 shows a patented design (Wendt H. C. GEC, US Patent, Class 7h4-5.7, 
|yo. 2, 731,836 of 1/24/1956) for a floating differentiating gyrosconre with a two- 
| rotor asynchronous gyronotor, similar to one developed and constructed by V. A. 
Pavlov in 1949. The ~etu aim of this particular design is to reduce the error 
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1 Mig. 2.23. Floating a@ifferentiating gyroscope with two-rotor 
gyromotor: 1) instrument housing; 2) and 10) inner walls of 
housing; 3) and 12) gyroassembly bearings; 4) and 19) squirrel- 
cages of rotor; 5) stator winding; 6) rotor axle; 7) and 16) 

{ rotors; 8) and 15) laminated stators of gyromotor; 9) disc 

; made in one piece with socket; 18) and 12) spiral spring; 13) 
and 21) journals of gyroassembly (gyro frame); 14) parts 

| holding gyromotor (disc 9); 17) rotor bearings; 18) socket 
made in one piece with disc 9; 20) cylindrical shell; 22) 
pickoff; 23) block with pins. 


| 
caused by asymmetry of the parts of the ordinary single-rotor gyromotor with 


| seapect to the plane passing through the axis of rotation of the gyroscope frame 
eearrpe Pe to the axis of rotation of the rotor. The gyromotor is mounted on 
i the disc 9 which is made in one piece with the socket 18. ‘The disc 9 is held by 

| two identical parts 14 and together with then, from the kinematic standpoint, 
‘forma the gyro frame. The parts 14 are enclosed in a hermetically-sealed cylind- 

i rical shell 20, which together with the gyromotor forms the floating gyroassembly. 
Its journals 13 and 21 are mowted in the bearings 3 and 11 in the wall 2 and 10 
of the instrument housing 1. The space between the shell of the floating gyr5- 
assenbly and the instrument housing is filled with liquid. The elastic counteract- 
ing moment is created by the spiral spring 12, one end of which is atteched to the 
journal 13 and the other to the wall 10 of the instrument. The pickoff 22, which 


ie similar to the microsyn-pickoff examined earlier, generates output signal. The 
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pins in the block 23 are used to supply cubene and to pick off the Sutput signal. | 
The stator consists of two sets of identical laminations 8 und 15 attached 
to the socket 18, with the common winding 5 arounithem. This design is disting- 
uished by having one common winding rather than two separate ones. It ia not al- 
together easy to make a stator of this kind but the advantages of the symmetrical 
arrangement ani the more uniform distribution of the winding make up for this. 
‘Whe double stator with a single winding takes up considerably less room than one 
with separate windings. The laminations can be nearer the center of the instru- 
ment since there are no windings on the adjecent sides of the sets of laninations. 
In consequence, the over-all length of the rotor is also reduced. 
Each set of laminations is encased by its own rotor. The rotors 7 and 16 
are identical; they are bell-shaped and are attached to the common axle 6 mounted 
in the bearing 17 indicated sketchily in the drawing. The squirrel-cages 4 and 19 
‘eit {nto the rotors. Thus the gyromotor consists of two asynchronous motors, the 
rotors of which are attached to a common axle and the statora of which have a 
courmon winding. Tais kind of gyronotor is little affected by loss of balance 
i through variation in temperature, and is almost entirely free from the influence 


of asymmetrical forces and pressures of various kinds which arise in an ordinary 


single-rotor gyromotor. 


According to information contained in advertisements, the Giannini firm pro- 
duces a medium-sized floating differentiating gyroscope, No. 36128, intended for 
aircraft and missile guidance, and for telemetering as well. The liquid used to 
‘fn the instrusent is oil (apparently silicone ofl). It has an internal electri- 
cal heating unit which keeps the temperature of the 041 constant over a wide 
range of outside temperatures. The Aamping coefficient is thus kept the sane. 

The gyroscope works on 4o0-cps three-phase alternating current. Either a potentio- 
meter-detector made of precious metal or a standard selsyn is used to obtain en 


output signal. In either case the output signals are high-level and can be used 
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to measure anguler velocities or for automatic control, either directly or after 


. slight amplification. Tie instrument has a damping ratio of 0.5 to 0.6, and is 


suitable for the measurement of angular velocities ranging from 15 to 250°/ sec 
(0.262 to 4.36 red/sec). As usual, angular displacements of the floating gyro- 
assembly are limited by mechanical stops. As in the case of any floating gyro- 
scope, the instrument can withstand great vibrational and impact loads. 

The Lear Company produces an ultra-accurate miniature floating differentia- 
ting gyroscope (diam. 38.1 mm, length 76.2 mm and weight 316 gf). This is type 
2157-F, the design of which differs slightly from the normal. The instrument has 
an improved :orsion rod which is particularly rigid in a transverse direction; 
this fact considerably helps to remove errors brought about by transverse de forma- 
tion of the normal-type torsion rod. All parts which Join together are made from 
materials with matching linear coefficients of expansion. This helps to eliminate 
errors and, in particular, loss of balance by the gyroassembly through change in 
the dimensions of the parts due to temperature, and makes it possible to have a 
zero point which for practical purposes is independent of outside temperature. 
The task of keeping the damping factor constant from -54 to +7h° C has been 
similarly solved in principle. 

Vibrations of the floating gyroassembly are damped by means of two hydrat ‘ic 
dampers which consist of thin steel cylinders filled with a special viscous 
liquid and their plungers. The material from which the damper parte are made and 
the viscous liquid are selected so that in practice temperature changes do not 
affect the damping factor. This can be done in the following way: the damping 
factor is directly proportional to the viscosity of the liquid and inversely pro- 
portional to the square of the gap between the cylinder and plunger. Since the 
viscosity is increased as the temperature falls, to prevent the damping factor 
depending to any extent on the temperature, the gap has to decrease as the temper- 


ature increases, and vice versa. For this to happen, the coefficient of linear 
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expansion 857 of the plunger must be greater than the corresponding coefficient or 
the cylinder material any* It is advisable to use a material for the cylinder in 
which Sey ee O, and for the plunger, one in which 81 ensures the requisite change 
in the gap, with temperature. 

This arrangement has made it unnecessary to have an electric heater and temper- 
ature control system in the instrumer.t, and this has to a certain extent made it 
possible to simplify its design and operation. The output signal is cutained from 
an electromagnetic detector withcut sliding contacts. According to data supplied 
by the firm the instrument hes an extremely low threshold of sensitivity, ap- 
proaching zero. 

The floating differentiating gyroscopes which we have considered by no means 


exhaust all the possible variations in design, which are extremely diverse. 


Section 3. Floating Gyroscopes With Three Degrees of Freedom 


Alongside the continual perfecting and ever wider application of floating 
gyroscopes with two degrees of freedom, research is being carried out at present 
4n the construction of suitable floating gyrcscopes with three degrees of freedom 
which will react to angular displacements about two mutually perpendicular axes. 
They are designed to work together with servodrives, which ensures that the instru- 
ment housing remains practically unchanged in position with respect to the spin 
axis throughout the operation of the instrument, thereby ensuring a high degree 
of precision. 

As en example of this type of design we will take a gyroscope manufactured 
by the Arma Bose> Corp., shown in Fig. 2.24. In this gyroscope there is practi- 
cally complete suspension of the ayroassembly without the use of any gimbal bear- 
ings, which ensures that the drift does not exceed 0.1°/nr. 

As is clear from Fig. 2.24, the gyroscope is constructed in the following way. 
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The two-rotor motor (only one rotor 1 can be seen in the diagram) is placed inside 
a hermetically-sealed shell float 4, which from the kinematic standpoint repre- 
gents the inner gimbal frame. The shell float is constructed of two mushroon- 
shaped parts, a central cylinder and two lateral cross pieces 9, and together with 
the gyrouctor forus the flouting gyroassembly 4. 

The central cylindrical section of the gyroassembly is encircled by a ring 8, 
which 4s a kind of outer gimbal. The cross pieces 9 are on the outside of the 
ring 8. The gyroassembly 4 is suspended 
on two sides from the ring by two thin 
metal wires 10, which are perpendicular 
to the spin axis z, and form, as it were, 
the x axis of rotation of the gimbal 
frame. Thus, these thin wires replace 


the journals and bearings of the gimbal 





frame used in ordinary gyroscopes. The 


th ‘ gyroa = 
Pig. 2.24. Floating gyroscope with ring 6, with the peared) encore 


' three degrees of freedom: 1) one 


rotor of a two-rotor gyro motor (the 
other is not shown); 2) pickoff; 

3) pickoff magnet; 4) floating gyro- 
assembly; 5) instrument housing; 6) 


ed from it, is in turn suspended by thin 
wires 7 and 12 from the spherical instru- 


ment housing 5. These wires form the 


and 11) leads; 5} 10), 12) sus- 
pension wires; 8) ring; 9) cross 


Y axig of rotation of he outer gimbal 
pieces. = 


frame and replace the usual journals and 
beerings. All three axes are sutuslly perpendicular and intersect at one point, 
which is the fixed point of the gyroscope. 

; The inner space between the housing 5 and the gyroassembly 4 ia filled with a 
liquid whose specific gravity is such that the gyroassembly and the ring 8 are in 
a etate of neutral equilibrium, i.e., in a state of complete suspension. Under 
these conditions the gyroassembly hardly exerts any load at all on the suspension 


wires. The negligibly small load which does act on these wires is solely due to 
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the fact that the gyroassembiy {a not ideally suspended. Hence, the work of the 
wires is to center the gyroassembly with respect to the ring 8, and to center the 
ring 8 together with the gyroassembly with respect to the housing 5. 

Current is supplied to the gyromotor through the spiral leads 6, 11 and 12. 
A combined detector is used to pick off the output signals propertionsl to the 
angles of rotation about the x and Y axes; one section of it is a permarent tegnst 
3, fixed inside the gyroassembly 4, and the other section is attached to the 
housing 5. When the exis of the magnet coincides with the centerpoint of the out- 
side of the detector, the cutput signal is equal to zero. Whenever the housing 5 
turns with respect to either pair of suspension .ires, or both pairs of wires 
simultaneously, the centerpoint of the outside of the detector is displaced rela- 
tive to the magnet axis 3 and a signal is produced at the output of the detector 
proportional to the angle through which the housing has turned about the x and Y 
, axes. 
A great advantage of this design is the absence of gimbal bearings and, con- 
“sequently, friction moments in the gimbal axes causing drift that is to a great 
extent unaccountable and, therefore, uncompensatable. 
The a hcéne {s mounted on a platform stabilized along two axes by servo- 
drives which are switched on and off by the output signals. As in the case of the 
floating integrating gyroscope, the use of servodrives makes it possible in stabil- 
‘izing the platform to keep to very small angles of rotation of the gyroscope 
‘helsing with respect to its initial position since they are determined by the 
amplification factor of the amplifiers, the capacity and working speed of the 
servodrives. 
This instrument, like any floating gyroscope, can be expected to withstand a 
great deal of vibration and to resist impact ioads to a high degree. 

This gyroscope was developed for the express purpose of constructing a minia- 


ture aircraft gyroscope able to work on the principle of the marine compass and 
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also as @ guiding gyroscope. When it is to be used as a guiding gyroscope, the 


. pendulum action can be elininated without any disturbing moments being imposed. 
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CHAPTER III 
THEORY OF THE FLOATING INTEGRATING GYROSCOPE 


The present. chapter deals with the fundamentals of the theory of the floating 
' tntegiating gyroscope, taking into account the characteristic features of its de- 
‘ution and singling out the parameters of interest from the standpoint of practica!. 


application, testing, and integration of the test results. 


The standard design and working principle of this instrument are show in 
Figs. 2.2 and 2.6. It should be recalled that in these diagrams the x, y and z) 
‘axes are connected to the instrument housing; z is the spin axis of the gyroscope, 

'y is the input (measurement ) axis, and x is the output axis; zo is the initial posi- 
| 
{tion of the spin axis Zz corresponding to zero values of the input angular velocity 


{ 
' 


w, the output voltage Uout of the microsyn-pickoff, and the control current Zeon 
| 


‘of the microsyn-torquer,. & designates the angle of deflection of the spin axis 
| 


from its initial position. In Figs. 2.2 and 2.6 this angle is shown in the positive 
sense of its vector. The seme designa’..ons are edopted in Fig. 3.1. Henceforth, 
when considering both individual parts of the instrument a2 well as the instrument 


as a whole, we shall use the concept “amplification factor.” In so doing we shall 
t a —_—Se om 


take the amplification factor of a part to mean the ratio between the value obtained 
at its output and the value reaching its input in the steady state. Let us use the 


following symbols to express this: Xeon input value; Xout™? output value; and 


ut 
Keen Sac" amplification factor. Then, according to our definition 
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(3.1) 


The amplification factor may be constant or variable. In our theoretical 


arguments we shall take the amplification factors to be constant. 


Section 1. Differential Equation of Motion of the Floating Gyroassembly. 


The floating integrating gyroscope consists of the following basic components: 


l. 
2. 
3. 
4, 


Floating gyroassembly 
Damper 
Torquer (torque generator) 


Pickoff 


Various types of pickoffs and torquers are used in floating gyruscopes, but 


| the microsyns discussed in Chapter II are the commonest. From now on we will con- 


| 
| 
| 
| 
| 


sider that microsyns are used as the detectors and torquers in order to keep our 


discussion consistent with what has gone before. 


Let us consider the basic relationships of the components of the floating 


integrating gyroscope. 


l. Floating Gyroassembly 


Let us use the following symbols (Fig. 3.1): 


) rad/sec is the angular velocity of the instrument housing about tne input 


(measurement) axis y, equal to the projection of the instantaneous absolute angular 


velocity of the instrument housing onto the input axis y. This velocity {4s con- 


sidered positive when its vector coincides with the positive direction of the y 


he Se Souk fee be 


axis; 
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o to rad/sec is the projection of the instantaneous absolute angular velocity 
of the instrument housing onto the Zo axis. The velocity #7. is considered posi- 
tive when its vector coincides with the positive direction of the zo axis; 

E gf-cm-sec is the angular momentum of the gyroscope. 

When the instrument housing rotates with angular velocities of # and « 25 > 


@ gyroscopic moment G is created (Fig. 3.1); on the basis of Forma (1.2) 


m= — Hecos$ + fHie,;, sin 8. (3.2) 


Factoring the product Hw in the second expression, we obtain 


c = —He(cosp——“* sing). (3.3) 


The floating gyroassembly, as well 
Ph 4 - es the instrument as a whole, is designed 
to detect the angular velocity w» alone. 
To mike this possible, the gyroscopic 


moment, which is the motive moment of 





the instrument, must be a function of 
® the angular velocity w alone. As ts 
Fig. 3.1. Derivation of equation clear from Equality (3.3), this can only 
of motion of floating gyroscope. 
be the case when @ = 0, for only in this 


1) instrument housing; 2) floating 
g@yroassembly; 2) gyroscope rotor. case is 


Ge -He (3.4) 


i.e.,there is one single value of G for each value ofs . When the values of 


"are positive, the gyroscopic moment G is directed along the x axis (see Fig. 3.1). 
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But if @ #0, the gyroscopic moment will depend in addition on w - and g, 
which is not at all desirable. = 

Thus, even if » Zo = 0, when @ # O there will be differert gyroscopic m- 
ments (equal to —H w cos £ ) for the same values of the angular velocity wat 
different values of the angle gs, i.e., the greater the angle #, the smaller they 
will be. Since the floating integrating gyroscope is used solely for detection of 
the angular velocity w, it is essential when using it to ensure conditions under 
which the gyroscopic moment depends solely on » with a high degree of accuracy. 
‘For this purpose the angle #@ must remain insignificantly small - approaching. 
‘gero - the whole time the instrument is working. 

The angular momentum of the gyroscope FH can be considered as the amplification 


factor of the floating gyroassembly. 


2. Demper 


4 


| It has been pointed out that the floating integrating gyroscope uses a liquid 
‘ damper. The basic camponents are shown separately in Fig. 3.2. Let us use the 


following designations: 
| 
| 
' 


| 


Listhe length of thc dumper (the length of the gyroassembly shell) in 
cm, 

risthe outer radius of the gyroassembly shell in cn, 

8 isthe gap between the shell and the instrurent housing in cm, 

s ts the angular velocity of the floating gyroassembly with respect to the 
instrument housing about the x axis (it is considered positive when 
its vectcr is directed along the negative x axis) in rad/sec (see 

Fig. 3.1), 

9 = e(r)is the absolute viscosity of the liquid filling the damper gap in 

poises, and 


ef is the temperature of the damping liquid in “CG: 
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As is known, the damping moment created by the liquid damper under considera- 


tion is in direct proportion to the first power of the angular velocity of one 
cylindrical surface with respect to the other. Cal).ing this morent Ma and the pro- 


portionality coefficient ec, we arrive at 


Ma = c8; 


here 


. Pe (3.5) 
"ora 7 


When the velocities 8 are positive, the moment Ma is directed along the posi- 
tive x axis (see Fig. 3.1). 


Regarding the angular velocity s as the input value of the damper, and the 


_ damping moment My as its output value, we find that c represents the amplification 


/factor of the damper. Calling this K5 buy’ we obtain 


Mak gy be (3.6) 
where , 
, Ke y Bcs ear 7  gf-cm-sec. (3.7) 


which is the same thing, is often called the specific 


The factor c, or “PMa ? 
9 


damping moment. 
It should be pointed out that since the viscosity » depends on temperature, 
in order to keep Kg 8> Ma constant, the temperature of the damping liquid must be 


Napt constant. 
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3. Microsyn-Torquer 


The construction and working principle of the microsyn-torquer have been con- 
sidered earlier and are shown in Figs. 2.3, 2.4 and 2.5. The moment M. created 
‘by the torquer is proportional to the product of the excitation current Tex and the 


control current Igon, and can be represented as 


M, = Celexlcon (3.8) 


The value of the proportionality coefficient Ct gf-cm,/amp* is determined by the 
. construction parameters of the microsyn. In order to make the moment of the 


. microsyn-torquer a function of the control current I 


con Slone, the excitation cur- 


‘rent I,, has to be kept steady. Assuming that this is the case and designating 


| 
| 
| 
' 


Bost, ~ SeTex gef-cm/ amp, (3.9) 
| =. | . ‘ 
iwe find - . 
| i Me = Klean? Me Zeon (3.10) 


The constant coefficient KIcon? Mt 
is toe amplification factor of the 
microsyn-torquer if the control cur- 


rent I,.,, 18 regarded as the input value 





and the moment M, ac the output value. 
| If the microsyn-torquer works on direct 


‘Pige 3-2. Diagram for use in determin- current, the direction of the moment M, 
ing basic characteristics of the damper. = 


is determined by the direction of the 
‘1) Instrument housing; 2) floating gyro- 


assembly shell; 3) Gyroassembly axis. current Ion, and if it works on 
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depends on the phase of the current I 


alternating current, the direction of M loon’ 


t 
Let us agree to consider Mw positive when its direction coincides with the posi- 


tive direction of the x axis (Fig. 3.1). In this way, the currents Loon which are 
taken es positive, will correspond to positive moments M,, 1.e., moments along the 


x axis. 


4. Microsyn-pickoff 


The construction ani working princinle of the output signal microsyn-pickoff 
have been considered earlier end are shown in Figs. 2.3, 2.4 and 2.5. The input 
value of the microsyn-pickoff is the angle # of rotation cf the microsyn rotor 
from its initial position relative to the stator. The output value is the voltage 
Uput Which is picked off the secondary, output winding of the microsyn. 


This voltage is 


Vout *K 6 out &» (3.21) 


where K b, 1 is the amplification factor (sensitivity) of the microsyn-pickoff; 


es ’ 
K g, Yout ~ Sptex fp v/red (3.12) 


|Where fp is a constant coefficient dependent upon the construction parameters 


of the microsyn-pickoff in v/rad amp cycler, 


Leg is the excitation current in amp, 


4 is the frequency of the excitation current in cps. 


7 e 
Since the amplification factor K 8, Yout depends on I, and fp? to keep it 


‘constant, the magnitude and frequency of the exc‘tation current have to be kept 


‘invariable with the greatest possible degree of accuracy. Henceforth it will be 
| 
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re 


considered that the pickoff excitation winding is fed with current from a stabi- 
lized source in such a way that it can be considered with a high degree of ac- 


cuvacy that 


' - 
lex = constant; i, = constant. 


As follows from Forma (3.12), the amplification factor of the microsyn- 
pickoff K 8, Uout depends both on its construction parameters which determine the 


coefficient fp and on oe and tp Strictly speaking, the coefficient Cp will not 


' have the sane value at different angular positions of the detector rotor with re- 


spect to the stator. This is because the actual parameter values of the electric 


and magnetic circuits of the microsyn-pickoff are on the whole slightly different 


fran their nominal values, which in turn is due to inaccuracies in the manufacture 


/ and assembly of the parts and units of the pickoff, and also the quality of the 


material used. Moreover, on account of radial and axial gaps in the supports of 
the floating gyroassembly the instrument may make random movements with respect 
to the stator within the limits of these gaps, causing variation in the gap 
between the rotor and the stator, i.e., random variation in the parameters of the 
magnetic circuit of the pickoff. This movement of the rotor relative to the 
stator may be caused by factors both inside and outside the gyroscope. The chief 
internal factor is the vibration of the gyromotor caused by a rotor which is not 
perfectly balanced. The rotor must therefore be mounted with the greatest care 
from the dynamic point of view. The: must be no gaps in the bearings of the 
rotor, nor should gaps appear at any time during the guaranteed life of the in- 
strument. Chauges in the magnetic circuit can also be caused by irregularities 


in the shape of the bearings and the journals of the floating gyroassembly. It 


will be clear from this that it is essential to reduce the radial and axial gaps 
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in the bearings to a minimum and to maze the highest demaids with regard to the 
correct shape of the bearings and journals. 

The fewer the relative changes possible in the parazeters of the electric ana 
Senetic circuit when the instrument is functioning, the less the actual values of 
the voltage Upyz will depart from its values as determined from Formuia (3.11). It 
should be pointed out that deviations from Formula (3.11) can also be caused by 
variable magnetic fields created by the working gyromotor. It is essential to aim 
at reducing these fields to a minimum and also to screea the microsyn-pickoff from 
the gyromotor. 

All these facts, and also the impossibility of keeping at and fp absolutely 
constant, lead to a certain discrepancy between the values of the microsyn-pickoff 
output voltage and the seme values obtained from Formula (3.11) when Kg yoy = 
sconst. In view of this, the actual value of the output voltage, which is the out- 


put voltage of the floating integrating gyroscope, can be represented as the sum 


‘of the two terms: 


: Uout =e, vour & * (3.13) 
,where K g, Ugut 18 considered constant and equal to its nominal walue. The first 


term is the voltage produced by the sitexoeyucpienare when Gp» hy and fp are con- 
stant. This voltage, which can be called nominal, is exactly anapett ional to 
angle g. The second term 4 , given careful construction, assembly, and ad just- 
ment of the instrument and the use of a stabilized current supply, represents a 
slight departure of the output voltage from its nominal value caused by the fact 
that fp» ie and D are not constant. 

Tn practice it can be considered that the output voltage K 6, Ug ge is 


proportional to the angle # not only whea this angle is constant, but also when 


4t varies. In other words, the voltage does not depend on the rate and 
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acceleration of the change in the angle @. Tke voltage 4, in exactly the same 
way, does not depend on 6 and ry in practice. 


Since the deviation of the values of Cos i: from their nominal values, 


and f, 
w~@X 


=P 


observed over a period of time t with the change of the angle 8, are indefinite 
and to a certain extent random in nature, the voltage A is an indefinite and to 


a considerable extent random function of the angle # and the time t. Therefore, 


im the general case 


4 = 4(¢6, t). 


In an ideal case, when the output ang:lar velocity « equals zero, the voltage 


U 


Usut must also equal zero. It is extremely aifficult, however, to achieve this 


\ 
|completely. In the Massachusetts Institute of Technology instrument, for instance, 
| 

‘the zero signal of the microsyn-pickoff is equal to 1.9 mv (see Table 2, p. 93). 


| Thus, in the general case, in Equality (3.13) when #@ = 0, the voltage Uput 
iwill not be zero. In other words, when #& = 0, VYouz # © but is equal to 4p. 

| Let us find the expressions for Gaui and Vout? the first and second deriva- 
|etves of Ujyt with respect to time. Differentiating Equality (3.13) wita respcct 
ito time, we find 
| 

| 

! O = Kou, B+ bet Sib= (Kyu + Oe)B + O ee 


iwhere 4 *t and 4 ‘s are partial derivatives of 4 with respect to t and @ respec- 


tively. 


Differentiating (3.14) with respect to time, we obtain 


Uo (Xp. v + ay) B+ bi + 2a 3 t ah, 
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ee e 


fF 
where 4 tt? dtp ani 4 gg are partial degivatives cf the secord order of 4 . 
Substituting the value 4 determined from Equality (3.14) in the expression for 


V, 


Uout» We obtain 


U_- eo 
on ne Fite sae a + 
2 . ry le 7 
eee ee (gps a OE ae 
ots (Hs Kutt ™ 7 
__ was 818 be 
Kyu tt Kae ore? 


In an instrument working normally the voltage 4 and the derivatives a 2’ a’ t? 
See? At, and 4 tt are small, and in the general case, together with 4, they 
are indefinite and to a considerable degree random functions of # and t. An 
analysis of the physical causes of tlie dependence of A on g eneti.es us to con- 
/sider that with respect to g the voltage 4 is a continuous and defined function, 
! 


‘at least within the range of working values of #6 . It can therefore be taken that 


| 
‘the derivative 4 "a 8 is a second-order infinitesimal with respect to the first 


derivatives of 4 . On the basis of what has been said, in the last expression for 


U 


Uout We can ignore the terms containing the product of the derivatives, and also 


the term containing 4 gg. Having done this, we obtain 


" 7 el ee ep " 2 el 
UO =(Keu + ae) B+ ‘Key 485 Ut be (3.15) 


It can be seen from Eqs. (3.14) and (3.15) that the true sensitivity of the 
microsyn-pickoff with respect to the angle g will be equal not to K 8, Uout?’ but 


to K 


® 
+ Ag Since, in the general case, the derivative 4 8 is not constant, 
= 8 Vout 
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omy 


the sensitivity will not be constant either. But, as pointed out, in an instru- 
ment which is working normally 4's is # small value, so it ts quite permissible 


to ignore it as a term extremely small compared to K We shall not do so 


~ 8s Vou 


_here, however, so that we shall have the chence later on of qualitati.. . determin- 
ing th Lflocuce of ‘2 ou the performance of various types of floating gyro- 
- scopes. 

The interrelation of the parts of the floating integrating gyroscope which 
we have examined is clearly illustrated by the block-diagram in Fig. 3.3. This 
figure gives a diagrammatic representation of the floating integrating gyroscope 
showing the individual parts of the instrument » their interconnection and their 
functions. In addition, the figure shows all the physical values affecting the 
work of the instrument, in particular, the moments acting on the floating gyro- 
assembly about its x axis of rotation. The symbols used are those which were ex- 
_Plained earlier. 

The physical values indicated in the diagram are all subdivided into the 


following three groups: 
1. Basic values. These include the angle 6, the angular velocities w and 


| @, the current I,,,, the voltage Uout? and the moments G, Ma and Mt. The inter- 





connection between these values is shown by thick lines, ‘ 
2. Auxiliary values. These ere the currents I’, and Iex, the gyromotor pover 

"consump tion Payr and the temperature r. The interconnection between them is shown 

‘by broken lines. 

, 3. Interference. This includes the velocity w Z5 and the acceleration y ‘ 

“the direction of their effect is shown by lines consisting of dots and dashes. 

! The lines showing the interconnection are in all cases marked with arrows to 

dvitieate the direction in which the effect tr-vels. Furthermore, the lines show- 


ing the influence of the moments are shown with small circles. This means that 


| 
1 
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according to Newton's third law, the component parts which create moments expert- 
ence en equal and oppositely directed effect from the parts upon which they impose 
those moments. The moments of inertia My and also the components of the inter- 
ference moment, which inevitably occur seen the instrument functions, have not 
been included. 

let us now proceed to the formation of the equation of motion of the float- 
ing gyroassembly relative to its x axis of rotation. Besides the above-considered 
moments G, M, and M., determined by Formulas (3-3), (3-6), and (3.10), respectively, 
there is Bie a ntecht of inertia acting on the gyroassembly about its x axis of 
rotation (Fig. 3.1) 3 


Mi tatty) 


where J 4s the moment of inertia of the floating gyroassembly and all the parts 
connected to it about its x axis of rotation, in gf-cm-sec*, 
p is the angular acceleration of the gyroassembly about the x axis with 
respect to the instrument housing; it is considered positive when its vector 
4s directed along the negative x axis (Fig. 5.1), in rad/sec, and 
7 is the absolute angular acceleration of the instrument housing about the 
x axis. The angle 7 , and consequently the angular velocity 7 and angular 
acceleration 7; of rotation of the housing about the x axis are considered 
positive in a clockwise direction when viewed from the positive end of the 
x axis (in the same way as 8 . A : A) in rad/sec”. 
When the acceleration of A ard x are positive, the moment M, . is directed 
along the positive direction of x axis (see Fig. 3.1). 

Other moments of various kinds which may act on the gyroassembly about its 
axis of rotation and which cannot be calculated with any accuracy will be desig- 
nated M, (the "i" standing for "interference"). Among such moments are, for ex- 


ample, the moment of residual friction in the bearings of the floating gyvroassembly, 
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the moment arising through lack of perfect balance of the gyroassembly, the moment 
created by the leads, and disturbing marents created by the detector and corrector. 
The numerical values of 8,9 ,fr, K g Ma Ee, Cee fp» Ke, Usue? and J for 
the floating integrating gyroscope Type 104 No. 79 are reproduced in Tabies 1 and 
2 (Chapter II, Sec. 1). 
By making the sum of all the moments considered equal ‘to zero (taking their 
signs into account) we obtain a differential equation of the motion of the float- 


ing gyroassembly about its x axis relative to the instrument housing: 


Jb+D +4. a b= He (coss— =» sin a) — Ky mgt <M. (3.16) 


In this equation the values H, K B, Ma and Rte M, are taken as constant. 
To meet this condition, it is essential that 
Tex = const; £, = const; rf = const. 


Here f, is the frequency cf the torquer excitation current. The other symbols are 


| the same as before. In order that H = const, feyr? the frequency of the current ° 


fed to the gyromotor, and Pgyr? the gyromot:r input Lower, must be constant, f.e., 


. we must have 


Par = const; feyr = const. 


Dividing Eq. (3.16) by K B, M,» transferring the term with pes to the right- 
hand side and introducing new destenaticne for the coefficient constants, we obtain 
the differential equation of motion of the floating @yroassembly in the following 

| final form: 


TH+ f= K. so (cosp—“e sin8) — Ki Hea Ku, MM -T. (3.17) 
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In this equation 


XK. Md (3.18) 


is the time constant of the integrating gyroscope. 


Hu 
Ky Kam, (3.19) 





ie the dimensionless amplification factor of the integrating gyroscope characteriz- 
‘4ng the dependence of B on W in the steady state, with 8B = 0 (and with negli- 


gibly small values of g as well in practice). 
Or Ps Aigonttt nafrce. 
Kip b. ay e 


(3.20) 

| 

' is the amplification. factor of the floating integrating gyroscope characterizing 
the dependence of f and I,.,, in the steady state. Replacing Kr ons Me in (3.20) 


| 

\ 

| t 

| by the value for it determined from Eq. (3.9), and introducing the designation 
| 


Cr red /sec 
Kb a, sa (3.21) 
we obtain 
; K, bo tel eal! (3.22) 


The amplification factor Kt Icon 8 characterizes the dependence of B on the 


, product of the currents I,,I,o, in the steady state. 


=——!_ redhes 
Kays hn, oo (3.23) 


FOE 


4s the amplification factor of the gyroscope describing the dependence of # on 
M, in the steady state. 


The experimental values of T, K e for the floating inte- 


2 ,X 
0 b> “lex leon? 
grating gyroscope developed by the Massachusetts Institute of Technology - Type 
104 No. 79 - are given in Table 2 (Chapter II, Sec. 1). 


In Eq. (3.17) the term 


<* sing 


denotes the influence of the angular velocity mers on the work of the integrating 
gyroscope when @ # 0. If the gyroscope is being used in systems which ensure 
low values of the angle g , this term can be ignored. For instance, if the angle 
4s never greater than 0.059, sin & < C.001 and, consequently, the term in question 
will be insignificantly small compared to cos g, and in practice equal to unity 

' in this case. 

: We will not consider Eq. (3.17) in detail since in the final analysis 

we are interested in the output voltage Vout of the microsyn-pickoff, and not the 


| angle @. 


e 


Section 2. Equation for the Floating Integrating Gyroscope. 


When the floating gyroassembly turns through an angle @ relative to the 
instrument housing, a voltage U,,, 18 created in the secondary, output winding of 
the microsyn-detector. This voltage is defined by Eq. (3.13). We should point 
out that since it is taken that the angles of rotation of the gyroassembly rela- 
tive to the housing should not be greater than 0.001 rad the whole time the in- 

. strument is functioning, the microsyn-pickoff has to be a high-precision sensitive 


device. This can be understood when it is considered that given & = 0.001 and a 


eer a or Fe cate Shara. os =. =e pe or Sy Ame oie ae ea ep 
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' pot depend on the angular velocity w 


| obtain 


microsyn rotor radius of about 10 mm, the greatest possible displacement of the 
rotor pole relative to the stator will only be 0.01 mn. 

In general, floating integrating gyroscopes are installed in automatic systems 
as units sensing angular deviations and control signals, and producing output sig- 
nals which operate the slave motors of servodrives. In any smoothly working system 
the servodrive slave motors restrain the object being guided and, consequently, 
the floating integrating gyroscope mounted in it, from deviation ‘ftom its initial 
path within such narrow iinits that the angle of rotation of the floating gyro- 
assembly relative to the instrument housing remains close to zero all the time the 
gyroscope is functioning. The reaction uf inese systems to control signals, or in 
other words, their work as spatial integrators, takes place, likewise, at angles 
of 8 close to zero. We will therefore take it that the angle @ is always 50 
small that for practical purposes we can assume sin & =O and cos & = 1. The 
small value of engle g ensures that in practice the work of the instrument does 


- Hence, assuming in Eq. (3.17) sin B =0 


Js 


| and cos § = 1, and replacing B and B by means of Fas. (3.14) and (3.15), we 


| 70 +(\-z— te) Y 


x, +4, 
p. Hi ° 


= (Koo + OK. go Ky gla Ky gt Kn, #Mi 1 + Ther + 8: 


In view of the small value of the time constant T we can ignore the term contain- 


id 
ing the product Toe in this equation, and also the term T4,,- Having done 80, 


we will rewrite the equation in the form 





eres Ss ee 
TU + C= (1 x Ky. uv ) [K.. vu,” 


z 22h 
Kg TK 9 tka Mites (3.24) 


con ot cea 
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where 


4 





Koo Kee ey Me ite (3.25) 
$. Me 
KD eK Keun, ae, (3.26) 
Kio = 7K mare (3.27) 
Ka, 6 Ke. ihu fee (3.28) 
The amplification factors kK > K and ° charac- 
* Vout a Yout’ * o, Vout’ “Ms out 


‘terize the dependence of Oaues the rate of change in the output voltage, on the 
values » , Ingn, FY and My, respectively. Using Eq. (3.22) and introducing the 
= 
; designation 


K,, om ik (3.29) 


the amplification factor Ky can be put in the following form: 


=con’ Yout 


Kee eK oe (3.30) 
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ab 


The experimental values cf K «, Dout and er... Loon ts, 


grating gyroscope Type 104 No. 79 are given in Table 2 (Chapter II, Sec. 1). 


t for the floating inte- 


Equation (3.24) can be written as follows after the elementary transforma- 





tions: 
. . 4, 
TO, +0 =K.y (t+ )x 
oul nt UL Kp, re 
[rat atin boty a 
where 





Kr Ont um My fat aon 
2 ee = * a- 4 
cm Koon, 
fed OR Se ai 
: Koo Kos 
K : 
MU int 1 
ka,.-= ee ee 
eu m 


(3.31) 


(3.32) 


(3.33) 


(3.34) 


Uquation (3.31) will be called the equation of the floating integrating gro- 


| scope. 
| The second expression for the coefficients in Formulas (3.32), (3.33) and 


(3.34) have been obtained by substitution of Eqs. (3.18), (3.19), (3.20), (3.23), 
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i (3.25), (3.26), (3.27), end (3.28) into the first expression in the coeffictents. 


Each of the coefficients ky ; ky, w 3 and k. is numerically equal 


tcons # ’ wis © 
to the value of the ratio between the velocity » and the value for its first tn- 


dex, at which the output voltage Vout of the integrating gyroscope will remain 


constant, and, consequently, the equality 


Wout * Yout # 0 


will be valid if the values for the first indices in the other two amplification 


factors are equal to zero (or insignificantly small), and at = 0. 


Let us examine the physical meaning of each one of these three factors sep- 


arately. In so doing we will consider that ay = 0. 


1. Amplification factor ky pees Let us assume that Y =O and that 
"secon 


<M, » My is insignificantly small compared with unity. Moreover, let us con- 
a i 


sider that 


I. = const; 1° 


Ixy Ie, = const; f£, = const 


P 


(3.35) 
Puyr = const; feyr = const; r = const. 


Then, as follows from Eq. (3.31) in order that ae = Usut = 0, it te first neces- 


sary that the equality 


@ =z k. 
T “Icon 
=con 


(3.36) 





be satisfied and, secondly, that the sign of the control current Tuon be the same 
as that of the input angular velocity ». When these conditions are met, the 
‘moment created by the microsyn-torquer will be equal in magnitude and opposite in 


direction to the gyroscopic moment occurring when there is an input angular 
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velocity #. Asa result, the floating gyroassembly will be in equilibrium and the 
output voltage U,.., will therefore remain constant. 

It ensues directly from Eq. (3.36) that from the size of the current I,,, re- 
quired by the secondary winding of the microsyn-tcrquer for the output voltage 
Uout to remain constant (for example, equal to zero) we can judge the magnitude of 
the input angular velocity w». In this case the value of the angular velocity » 
will be determined from the equalit; 


(3.37) 


=k 
=leon» * Leon’ 


The sign of w will be the same as that of the current Zeon: 
The amplification factor Ero « has the following meaning in addition. 
Numerically it is equal to the angular velocity G to which the application of a 


current I, of one ampere to the microsyn-torquer is equivalent in its action on 


on 
‘the floating gyroassembly. 


Expression (3.32) for is sometimes more conveniently represented in 


j 


a slightly different form. Let us substitute Eq. (3.30) into (3.32) and introduce 


XIoons « 


the emplification factor 





* 
" Ke tab ot x, nb Cc, rad sec 
Ms oo Se ae aa * (3.38) 
oe °.8., | 


we obtain as a result 


fe cknecul (3.39) 


coo on es 


The amplification factor Ely is numerically equal to the angular velocity 


Lex leon? © 
to which the application of currents I,, and Toons the product of which is 1 amp, 
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is equivalent in its action on the floating gyroassembly. The experimental value 


4 
of the factor kro for floating inteyratirg gyroscope Type 10 No. 79 is 


leon» * 


given in Table 2 (Chapter II, Sec. 1). 


2. Amplification factor kY, 4 . Let us consider that I,o, = 0 ard that the 





value Ms, My is insignificantly small compared with unity. Furthermore, let 


: we 
us assume that Equalities (3.35) are satisfied. Then, as in the previous case, it 


follows from Eq. (3.31) that for U oe =U iue =O it is first necessary to 


satisfy the equality 


|F\-ti- (3.40) 


and, secondly, for the signs of the input angular velocity w and the the angular 
acceleration of the instrument housing } to be equal. When these conditions are 
met, the floating gyroassembly will be stationary with respect to the instrument 

housing and, consequently, the output voltage Vout will be constant. In this case 


the angular velocity w will be 


e=k- 1. (3.41) 


Thus, the amplification factor k4,, is equal to the angular velocity w, to 
which the rotation of the instrument housing about the x axis with an angular 
velocity of 1 rad/sec@ is equivalent in its action on the floating gyroassembly. 

The experimental value of the factor ky» w for floating integrating gyro- 
scope Type 10 No. 79 18 given in Table 2 (Chapter II, Sec. 1). 


3. Amplification factor KM» ws , Let us consider that Eqs. (3.35) are satis- 





fied, that the current I,,, = 0, and that the angular velocity of the instrument 


housing ¥ "0. Then, as follows from Fq. (3.31), in order that Ugut = Your ® % 


it is first necessary that the equality 
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+) 


o | 
| jee, (3.42) 


be satisfied, and, secondly, that the Signs of the input angular velocity w and 
moment My be the same. When these conditions are met, the floating &yroassenbly 
will remain stationary with respect. to the instrument housing, and consequently, 
the output voltage Uout will be constant. In thie case the anjular velocity will 


be 


omky M,. (3.43) 


The amplification factor My wo is equal to the angular velocity w to which the 


application of a moment My of 1 gf-cm about ‘ts x axis is equivalent in its action 


on the floating @yroassembly. 


Thus the work of the floating integrating gyroscope is defined py Eq. (3.31). 
We should point out that if the rate of change of the output voltage is taken as 


‘the output value of the instrument, i.e. Gout, then Eq. (3.31) will be transformed 


‘into an equation of the first order, that is to say the work of the integrating 


Gyroscope will be defined by a differential equation of the first order. 


Section 3. Transfer Function and Frequency Characteristic of 
the Floating Integrating Gyroscope 


Assuming in Eq. (3.31) for the floating integrating gyroscope that 


4g: 4, = 0, 1. e. considering that the output voltage Uut of the microsyn- 


Pickoff is determined by Eq. (3.11) when K 


=6, Yout * const, we can rewrite the equa- 


tion in the form 


TU,,, +0, = Kee fo— by, “ ! i 


. — (3.44) 
he. ™ hy M) 


and we will consider that all the Eqs. (3.35) are satisfied. Equation (3.44) is 
the differential equation for the floating integrating gyroscope, given an ideally 


working microsyn-pickoff. Using the differential symbols, 


a2 in 
P a’ P a’ 


we can rewrite Eq. (3.44) in the following form as an operator: 


= Keo leer el Bi oT a, oM)- 


cm 1 


(Tp’+p)U.. 


Dividing this equation by Tp? +p, we obtain 


; Ou \ Am) lo hy el hi eT he, M, }. , (3.45) 
| where 
K . 
oe ol (3.46) 
W., (Pp) pipely) 


. 


is the transfer function of the floating integrating gyroscope. 
We should point out that under working conditions a certain small, and gen- 


‘ erally variable, voltage of an indeterminate nature (caused by the factors men- 
tioned earlier) is added algebraically to the voltage U,,_ as determined from Eq. 
(3.45). 
To obtain the frequency characteristic of the floating integre'’.ing gyroscope 


we will assume that we have a steady state in which the output voltage Vout 
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changes according to a harmonic law with a frequency of £ cps, £0 that 


U me U eff, 


where 27 f is the angular frequency of oscillation. Then 
eh f2e JU, 


a 
Using the differential p = x’ we can rewrite this equality in the form 
t 
pU,,, = J2nfU .., 


’ 


Prom this we find that for steady-state harmonic oscillaticn of the voltage Uguy 





d . 
Pe —_ jaf. . 

yy 
és ‘Substituting this value of p into Formula (3.46), we obtain the following expre 

| 

‘sion for the frequency characteristic of the floating integrating gyroscope: 

_ x. __ ©. Vat = 

Wie UN Piaf (j2esT +1) 
: yi : (3.47) 
2 Je = [orctouaerr +=] 
af ¥ 14+(22/TP 

Multiplying the numerator and denominator in Expression (3.47) by T, and introduc- 

ing the designations 

get (3.48) 

: Aur es. om (3.49) 
a> 2nq 1+ (229 
at 
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sif)= —[are-- (ey) + FI. (3.50) 


the frequency characteristic of the floating integrating gyroscope car. be further 


represented in the following form: 


WU Aler, (3.52) 


Expression (3.49) represents the amplitude-frequency characteristic of the 
floating integrating gyroscope. It gives the ratio of the amplitudes of the output 


(voltage Vout) and inpvi vaiues of the gyroscope in a steady state with the input 
value varying harmonically with a frequency f. The value A(t) can also be re- 

garded as the amplification factor of the floating integrating gyroscope when an 
effect varying harmonically with frequency f is impressed upon its input, for ex- 


ample, when the input angular velocity is 


’ @ > yay Sin 2 # ft. 


Expression (3.50) is the phase-frequency ‘characteristic of the floating in- 
tegrating gyroscope. It gives the phase shift of the output value with respect to 
the input value under identical conditions. 

If the amplitude of the effect at the input of the integrating gyroscope is 
equal to unity, A(t) is numerically equal to the amplitude of the steady-state 
oscillations of the output voltage Uouts and @(f) 1s equa’ to the angle of the 
phase shift of Vout in relation to the input value. It follows from this and from 
Eq. (3.45) that the basic input values of the floating integrating gyroscope are 


the angular input velocity w and the control current I,,, of the microsyn-torquer, 
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while the subsidiary values are the angular acceleration of the instrument housing 
¥ and the moment My. 
For practical purposes Expression (3.49) 1s sometimes more conveniently rep- 


resented in the forn 


A(f\=A AMS), (3.52) 
where 
A= TK. ot (3.53) 
AN) = Sista (3.54) 
+ 
-- Section 4, Relative Dimensionless Values 
Let us look at the relative dimensionless values by means of which the per- 
‘formance of a floating gyroscope (both integrating and differentiating) in a steady 
\ 
State can be conveniently assessed from test results. 
These values are: 
1) the relative dimensionless amplification factor, 
41) the relative error of the output value, and 
414) the relative dimensionless angular velocity. 
Let us consider these values. 
We will denote the value reaching the input as x;p, and the value obtained at 
the output as X,),4- We will consider that, under ideal circumstances, in the 
steady state the output value is directly proportional to the input value, i.e. 
er 
a 
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Xout * Bean Xout Xin 


where the amplification factor 





tion of relative dimensionless 
values used in assessing performance 
of floating integrating gyroscopes 
in the steady state. 


| 
Fig. 3.4. Diagram aiding determina- 


= const. 
t 


Graphically we can represent this 


- 


dependence, which for the sake of brevity 


we will simply call the characteristic, 


vy a straight line through the origin of 


. the coordinates; for example, the 


| 
' 
1 
| 


straight line OC (Fig. 3.4). The angu- 
yar coefficient of this line will be 
equal to the amplification factor 

Ky in» Xout* Next, let the graph of the 


effective dependence of Xout °2 Xan’ 


determined experimentally, be shown by 
the curve DABF (Fig. 3.4). The values 


of Xin and Xout along the axes are 


| Marked "exp" to show their experimental origin. Let us consider that within the 


sector AB the effective characteristic DABF is proportional to, and to a great 


| degree of accuracy coincides with, the theoretically proportional characteristic 


oc. 


The amplification factor for any arbitrarily chosen point on the actual 


. characteristic, which we shall also mark with "exp", will be equal to the ratio 


of the coordinates of this point, t.e. 


_F-TS-9910/¥ 


to te ee tee 


ae 


(Ae je) eet =() (3.55) 


be metry 2 acne An 


In other words, the amplification factor (Kons Xout exp for any given point on 

the effective characteristic is equal to the angular coefficient of a straight line 
drawn from that point to the origin of the coordinates. For exa=upie, for the point 
E (Fig. 3.4) the factor is equal to the angular coefficient of the line QE. 

For all the points on the sector AB the factor (Kon out exP is the same 
and we shall call this value the calibration value and denote it (Kern, Xie) Gea" 
For all points on the actual characteristic DABF outside the sector AB the factor 
value will be different. 


For a quantitative estimation of the deviation of the values of the amplifica- 


| tion factor (Key ne Sout exP from its calibration value we will introduce the con- 


cept of the relative dimensionless amplification factor 


ae , (Ke, r..) cal 


Kee Vem pee centase (3.56) 


| 

| 

| 

| From what has gone before it follows that the value of this factor for any 
‘point on the actual characteristic is equal to the ratio of the angular coefficient 


| of @ straight line drawn from the origin of the coordinates to that point to the 

| 

| angular coefficient of a straight line passing through the origin of the coordi- 

| ngtee and coinciding with the proportional sector of the effective characteristic. 


For all points on the proportional sector of the effective characteristic this 


factor is equal to unity. 
The relative dimensionless amplification factor can also be interpreted in 


the following way. Let us write the value (K, Xout /exP + re) for the point M, 
| for exanpie (Fig. 3.4) | 


% =ON a, NAL ag at oer 
(Kags enn rel NH AH en (3.57) 
ON 


It follows from this equality and from the graph in Fig. 3.4 that the rela- 
tive dimensionless amplification factor is equal to the ratio of the actual output 
value to that which would be obtained if the dependence between the input and out-~ 
put values were proportiona:. 

The absolute error Ax... in the output value, obtained at any value of the 


input value is 


AXout = Xout exp ~ Xout 


‘Here, as before, Xout is the output value which would be obtained if the charac- 
I @ 


‘teristic were proportional; Xout, exp is the effective output. Dividing the ex- 


pression for Axout by Xcut» we arrive at an expression for the relative error 


oa : , 
Keak in the output value: | 


| ¢ — Adour. Soureap og (3.58) 
| Fout Fou J cet 

: 

i e 

,The sign of ¢ is the same as that of 4 - Consequently, the relative er- 
Xout Xout 

ror ¢ Xout in the output value is positive for sectors of the effective charac- 


| teristic lying above the ideal proportional characteristic (the line passing 
through the origin of the coordinates and for practical purposes coinciding with 


the proporticnal sector of the effective character‘stic), and negative for sectors 


i lying below it. 
It is clear that this error is zero for the proportional sector of the actual 


characteristic. For example, for the sector AB (see Fig. 3.4) ¢ re 0. For 


| 
| the remaining sectors of DABF the relative error is 
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Since both for floating gyroscopes as a whole and the individual parts of 
them we have considered, the dependence of the output value on the input value must 
be proportional, e Xout? just as the relative dimensionless amplification factor, 
describes the deviation of the effective characteristic from the required propor- 
tional dependence. 

Substituting Eq. (3.57) into Expression (3.58), we find the following formuia 


which establishes the dependence of the relative error e te of the output value 
‘ =out 


_on the relative dimensionless amplification factor (Kon, Xout exp. sae 
| 
© tout = “eins Xout exp. rel ~ 2+ (3.59) 
| 
(Sins Zourexr. rel 2+ * gue! (3.60) 


Let us now introduce the concept of the relative angular velocity w exp. rel 





defining it by the equality 


° = —<?, (3.61) 
exp. rel “cal 


| 
| 
' 
| ‘ o 
4 
| 
‘where is any value of tne angular velocity arrived at by measurement in 
testing the gyroscope, and 
“cal 18 8 certain constant value of the angular velocity taken as the cali- 


! bration value. 
| Experimentally obtained graphs of the dependence of the relative amplifica- 


tion factors (Sone Xout en. re] nd relative errors ¢ y , in the output 
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values on the relative ang:lar velocity w exp. rel are the basic static charac- 


teristics of floating gyruscupes. 


Section 5. Floating Integrating Gyroscopes Operating 


in the Steady State 


Let us define the steady state as the working conditions under which Veuy =0 
and Ut = const. Taking it that in Fq. (3.31) Uy, & O we obtain the following 


equation which describes the steady-state operation of a floating integrating gyro- 


acope: 





te he! helo 


U0, .=K o (14 
« eG Xo.u, 
Vout 62 
— hy, M+ 4). (3.62) 


Assuming that in this equation A 3 zFais My = 0, we obtain the equation 


’ 
x 


| describing the steady state of the ideal instrument. 


O...= Koo (ok ! —k-.4) (3.63) 


' 
| 
| vn con 
1 
| 
‘ 
t 
| 
t 
! 
' 


From this, when I,,, = 7 = 0, we obtain 


U = K “9 (3.64) 


‘Lee. in the steady state Uses is directly proportional to w. Integrating (3.04) 
‘under zero initial conditions, and keeping it in mind that in this equation 


* = constant, since, as agreed t = const, we have 


You 


Yout = Be, Vout wt. 
| 


MS ee Se Agnes tan TaD sac 
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He Ir the cime constant T is small encugh, Eqs. (3.62), (3.63) and (3.64) are valid 


in practice even if # # constant. In such a case ir.tegration of £q. (3.64) 


es gives 


Us Ke, 4.4) ott (3.65) 


Equations (3.64) and (3.65) describe the work of an ideal floating integrating 
gyroscope with a small value T and without a servodrive. 

For the reasons men‘.ioned in Chapter I, Sec. 6, the floating integrating 
gyroscope is usually only used, with a servodrive. Hence, from now on when dis- 
cussing the steady state, we refer to the steady state of a floating integrating 
gyroscope coupled with a servodrive. 

It was shown in Chapter I, Sec. 7 that when a floating integrating gyroscope 


| with a servodrive functions in the steady state, a certain constant voltage Yout 


ice created at the output, which is necessary and sufficient for the system to work 
qa 





- i properly. Thus, when functioning with a servodrive in the steady state Sout = 0. 
When Vout = 0, and it is taken into account that in a normal instrument 
Kt (14 * )#0. Eq. (3.62) assumes the form 
: Xp. Vet 
| 
| O=«—h, af —k. 
| con® wv Tr 
a 4, 
| —hy, M, + by in (3.66) 
K (14 
: oe Guy: Kyu, 
| 
‘wrom this equation it ie clear that when U), = 0, t-e. when Uy, = const, a'g 
jonly influences the work of the instrument if a} # O. It is therefore very im- 
| paetant to ensure that 4+ = 0, or ir other words that the voltage 4 [eee (3.13) 
i = 
,should not depend on time. 
{ 
* \ 
a 
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Let us assume that the acceleration y = 0. Then, solving Eq. (3.66) with 


respect to tie. we » We obtain 
- o 





. M4 (3.67) 
be (tn ta teh). 
where DinretK 1 ty . 
. Ke sa ? a) 


The value Uo.4 » can be regarded as the rate of change of the cutput voltage 


at caused by the angular velocity w alone. 


Equation (3.67) is the equation for the steady spatial-integration regime, 


when the floating integrating gyroscope is wo-king as the sensing component of the 
| 


Yo 


‘spatial integrator, shown diagrammatically in Fig. 2.19. This equation has beer. 


expressed in a suitable form for evaluation of the amplification factor k 


Zcons * ” 


ei is the basic value characterizing the gyroscope working in the spatial- 


| integrat-ton regime. 
Let us clarify this point. The spatial-integration regime, as explained ear- 
|1lier, is the achievement of rotation of the instrument housing about the input axis 


‘with the desired angular velocity w by impressing a current Loo: on the control 


, nm 
| 
i 
: 
1 


winding of the microsyn-corrector. Hence this regime is characterized by the de- 


From (3.67), when M; = 4, = 0 this dependence appears as 


‘pendence of ws on Teon- 


= coe 
a 


eo=k, 


‘and, consequently, is defined by the factor kr 


‘ 
ey Miata FO See a ee 


ive have from (3.67) 


ae asf 


4, 
Iba Mt yo 


vwvle 


i.e. in this case the dependence of w» on I is determined by the values of the 


con 


factor 


Pea gee (3.68) 





. It is not possible to determine the value of this factor theoretivally since the 


| values of and 4 | are indeterminate. It can only be found experimentally for 
i “2 t 


o We o 
which purpose we have to find the ratio re which we will denote (--—— . 
| Zeon. exp’ ° es 
” | Clearly, the value of this ratio will be equal to k 5 er The value thus ob- 
a4: 


tained can be conveniently used as the experimental value of BT cad y which will 
oe 

relieve us of the need to bring in another factor and will enable us to study and 

take into account experimentally possible deviations from its nominal values which 


i} may also occur when os = 4, = 0. Thus, taking the ratio as the experi- 


’ 

t teonJexp 

Pern value of ky y which we shal] mark with "exp," we obtain 
-con? 





| 
; 
| 


(x lex = Ee 

“Econ? » “xP © Toes exp ag 

! 

The value of the factor CT as Ves determined when Mj # 0 and/or 4 L? O, will 


| not be equal to the value which is determined from Eq. (3.32). In this case 
\“ RY ass Jexp will be equal to kr oo, 7? determined from Formula (3.32), divided 
‘by the parenthesis in the sea side of Eq. (3.67), 1.e. will be determined 


F-TS-9910/V 165 


by Forma (3.68). In this way, if nore of the terms of Formula (3.67) can be 1e- 


nored, for (ky + we obtain the expression 
scons w +<P 











e Meg, 
.0).0(7) D aueeue awe a? (3.6) 


In every integrating gyroscope used in practice the amplification factor 
(ky legs will vary with I,,, and». Ina quantitative evaluation of this 
variation it is convenient to use the concept of the relative dimensionless ampli- 


fication factor which, according to Formula (3.56), in the giver. case will be 


wn (Mae) (3.70) 


(Rien Dery cel Coca)” 


| where the calibration value Ost cons 2 esn? determined experimentally, is 


(4...) cal — (=): (3.71) 


It is advisable to determine the value (i under conditions where the 


scon? « egy 


following inequalities are satisfied: 


1 
max 








! 
| . 

mM 4 
t . ’ , ¢ 
| oo 2 L<! : | Ones 
' 


i.e. when the influence of M, and a‘ are insignificantly small. In thia case 


(toons Es Year is in practice equal to the theoretical value of KI on? _” taken 


| see 
*Translator's note. In the original, this factor is usuaily written 

x BY ory us Jeyns Occasionally, it is more accurately rendered as Cet on ‘ exp? 
| we"have followed the original in all cases. 
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e 
in all the previous arguments as constart. Proceeding from Eq. (3.32), the the- 


oretical value of KI one a is 


Rigg Me 
wo. (3.72) 

It is also possible, however, to have cases when this factor will not be con- 
stant. For example, if the core of the microsyn-torquer becomes saturated, the 
dependence of the moment M,, created by it, on the current Icon creating it will 
cease to be proportional. Hence, in the given case the amplification factor 
will become variable. This, as can be seen from Eq. (3.72), gives rise 
“Leon? —t 
to variability of the factor ie » as well. In view of this, we will mark the 


factor ns » and the coefficients through which it is expressed with the index 


“cur” (currect value) in order to cover all feasible va”ues, when considering the 


factor (k Pa Mees rel? 24 will determine it in accordance with (3.72) by the 


Leon, 
: equality 


' 


| 

| | Beebe oe atte (3.73) 
| 

| 

| 


In practice, we should choose as(k 
“Zeon? 
‘corresponds to the working range, i.e. the range over which the angular velocity 


be eal & value of (xr, which 


ons” exp 


“exp is for practical purposes proportional to the current leon. exp’ In this 
‘range the factor (kinaas ee Jexp is constant to a sufficiently accurate degree and 
= 

‘almost equal to the theoretical value Kee 


‘fore, following Eq. (3.72), we can write 


« , determined by Eq. (3.72). There- 


(3.74) 


oat fad 


(4,1) = Menredia, 


Since in the general case (ky is determined oy Eq. (3.69), sub- 


con? exp 


stituting 1t intc Formula (3.70), we obtain 


hep 1 
ial eigven (a mM. 4, 
Ione Deas I— ay, = a ae 
ee ot © 








If, instead of Cer on . 


Eq. (3.74), mark My Fs with the index "cur" and substitute its value (3.73), we 


ear? we substitute here its value as obtained fron 


obtain 


(Knee Lue Ves 


‘ = —, 
Caen) ony edt (Re sap eat Gay ct _& (3.75) 








The factor (k 1 obtainable from this expression has the three fol- 


Zcons # Jexp. re 
‘lowing characteristic regions. 


I. Working region. In this region 


\ 
} 


(Kron eve a, Mar, ‘(1M -Practice this condi- 
. Hear 


| = 
(Kio. Jew tion is always satisfied); 


\ 


| 
| 
| 
| 
| 


t 


i ! 


| 7 
aM, a 

[ne | ¢1; —— 

Sd 


ean ‘at @ 


«1 (3.76) 


nee 





' 


and, consequently, 


t 
' 
a 
. ° 
5 
~~ 
e 


act een MeL, og me Pee SOs NO a boas, Ghaeite re beech Sethe gables 
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Thus, in this region the angular velocity will be proportional to the control 


current I, on’ 


2. Region in which there is cornsideratie influence by indeterminate (random) 


interference. In this region 


. H 
Kaun oat 
Aiconaty bs f zh gosh 


(Kr uate Jeat me 
But here the absolute values of both terms to be added 


M 4, 
kn, + 


U. 


ust @ 


(or one of them) are such that they cannot be ignored compared to unity, i.e. in 


this region the inequalities (or one of them) are not satisfied. 


{ 


\ 


| lease | «tl; |e «1 (3.77) 


: 


| Hence in the region under consideration 
\ 


=- OO YT 
ore exp rel mM 4, (3.78) 


4 —_ 
Hie t 7 | 


(hy, 
© UViie 


and is consequently a variable of random nature because of the random nature of 

. the moment M, and the indeterminate nature of 4 t' This region can be found at 
Very small values of the control current Teony when the moment created under the 

| effect of this current by the microsyn-torquer is commensurate with the moment M;, 
ae less than it. 

; 3. Region in which the amplification factor of the microsyn-torquer is vari- 


able (region of core saturation). In this region 
—— 


7 169 





(Ky cme, 1: Ho, I: 
oe gale 
Mel a, (3.79) 
dave < 1; De hes «i, 
by virtue of which 
(be nye ong er = teste (3.80) 


(Kicun Me eal 


and is a variable. 

This region appears at large values of the control current Igo, causing 
saturation of the magnetic circuit of the microsyn-torquer. 

To increase the working region, the second region has to be reduced and the 
boundary of the third region increased in every way. To reduce the second region 
great care in the manufacture, assembly and adjustment of the instrument is re- 
quired; the materials used for its parts have to be carefully selected and cur- 
rent supplied from stabilized sources. The systematic interference ccmponent can 
Be reduced by impressing a corresponding current Zeon on the microsyn~-torquer. 

It 1s possible to increase the boundary of the third region by using materials 
with the greatest possible induction which are not subject for practical purposes 
to hysteresis. 

How the work of the instrument in a steady geometrical-stabilization regine 
is evaluated will be dealt with in the revt section. 

We shall not concern ourselves here with consideration of the steady state 
of a floating integrating gyroscope when working as an independent instrument 


without a servodrive and used for measuring angular displacements, since it is 


Som ers one = he, Seas = Sa es oe, eee oss = Sa Es 


F-T8-9910/V 110 





remen + ae om ee eet eee ee ee ae mse 


e? 


not advisable on the whole to use it for this purpose. Wwe will merely point out 
that this steady state is characterized by the dependence of the voltage Vout on 
the angular velocity w, which if need be can easily be obtained from Eq. (3.€2). 
Everything that has been said on this use of the ordinary irtegratirg gyroscope 
(Chapter I, Sec. 6) applies as well to the floating integrating gyroscope. The 
only difference is that the floating gyroscope ensures considerably greater ac- 
curacy. Equation (3.62) takes into account the factors affecting the work of the 
instrument more fully than the equations in Chapter I, Sec. 6. 

It can be concluded from the analysis of Formula (1.37), made earlier in 
Chapter I, Sec. 6, that for a floating integrating gyroscope to work the whole 
time in a steady state, it has to have a fairly small time constant T. To achieve 
this, the moment of inertia J of the floating integrating gyroscope should be as 
, Small as possible, and the specific damping moment KB, Ma as large as possible. 
AS follows from Table 2, this condition is satisfied in practice in the case of 
| the floating integrating gyroscope Type 10%, No. 79, since it has a time constant 
of T = 0.0027 sec. It should be pointed out, however, that this considerably ex- 
ceeds the calculated value of 0.0017 sec. The values of T for certain other in- 


'tegrating gyroscopes are given in Table 5. 


| 


| Section 6. Floating Integrating Gyroscopes Coupled With a Servodrive 

) Let us derive the equation for the uniaxial spatial integrator of angular 
‘velocity with a floating integrating gyrcescope and servodrive, shown in Fig. 2.19. 
A block diagram of this integrator is shown in Fig. 3.5. Sirice the gyroscope 
‘housing is rigidly connected to the input axis 14 of the integrator by the part 7 
(see Fig. 2.19), all our arguments will be conducted with reference to the instru- 
nent housing. We will call part 7, to which the gyroscope housing is directly at- 
‘tached, the platform. : 


© Ree a oe Se ow | Pec ee cee oe ee Se ee eee Se a ee eee 
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In Fig. 3.5, as tefore, a Re, is the control current impressed upon the sec- 


ondary winding of the microsyr.-torquer; is the absolute angular velocity of 


tra 
the integrator housing 12 (Fig. 2.19), or, what amounts to the same, the transfer 
angular velocity of the eyruehene housing about the input axis y of the integrator; 
@ re) 15 the angular velocity of the gyroscope housing with respect to the ‘nte- 
g@rator housing about its input axis ye 

The absolute angular velocity of the gyroscope housing about the input axis 
y of the integrator (let us recall that it coincides with the input axis of the 


gyroscope) will be 


(3.82) 
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Fig. 3.5. Block-diagram of uniaxial spatial integrator of angular 
velocity with floating integrating gyroscope and servodrive. 


Let us first look at the equations for the separate parts composing the inte- 


grator in Fig. 3.5. Let us assume the initial conditions to be zero. 


1. Floating Integrating Gyroscope 


Its work is descrived by Eq. (3.45). By replacing the angular velocity w in 
this equation by its value (3.81) we obtain the equation for the floating integrat- 


‘ing gyroscope in the form 


| Yum W (erle,..t©, kr of —hiet—ba, MI], (3.82) 


eon) cup 


ad 


In Fig. 3.5, as tefore, a is the control current impressed upon the sec- 
ondary winding of the microsyn-torquer; tid is the avsolute angular velocity of 
the integrator housing 12 (Fig. 2.19), or, what amounts to the same, the transfer 
angular velocity of the gieatene housing about the input axis y of the integrator; 
@ el is the angular velocity of the gyroscope housing with respect to the inte- 
grator housing about its input axis x: 

The absolute angular velocity of the gyroscope housing about the input axis 
y of the integrator (let us recall that it coincides with the input axis of the 


gyroscope) will be 
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Fig. 3.5. Block-diagram of uniaxial spatial integrator of angular 
velocity with floating integrating gyroscope and servodrive, 


Let us first look at the equations for the separate parts composing the inte- 


erator in Fig. 3.5. Let us assume the initial conditions to be zero, 
1. Floating Integrating Gyroserpe 


Its work is described by Eq. (3.45). By replacing the angular velocity w in 


| this equation by its velue (3.81) we obtain the equation for the floating integrat- 


/ing gyroscope in the form 
! 


Yuu W (rrle 4% hi ol — hie t—iw, eM], (3.82) 
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where the transfer function of the gyroscope ¥i.g.(p) is determined, as before, by 


Eq. (3.46). 
2. Amplifier 


The amplifier consists of the voltage ampiifier, converter unit, and power 
amplifier. 


Taking the voltage amplifier to be linear and inertialess, we obtain 


U = Une (3.83) 
i Vout? ee7oue 
where U 4c the output voltage of the floating integrating gyroscope and the 


=out 


input value of the voltage amplifier, in v; 
u is the output voltage of the voltage amplifier in v, and 


K) is the amplification factor of the va]tage amplifier. 


Vout? ¥ 
The converter unit converts the error signal (voltage Vout) in accordance with 


a@ certain desired functional dependence for the purpose of ensuring that the system 
behaves dynamically and statically as required in the presence of controlling and 


. disturbing cffects. The equation for this unit can be written in the form 


Ug = Wo (p) ¥, (3.84) 


Where is the output voltage of the converter in volts, and 


Us 
W,(p) is the transfer function of the converter. 
The form taken by Wo(P) depends on the system of control (adjustment) adopted. 
Let us consider two possible systems of control: 
Firstly, control according to the error and its time derivative. Here anc in 
the future we will take the error fo mean the angle of deviatioa of the gyroscope 


, housing from its desired orientation in inertial space. As is known, the inclusion 


' 
' 
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of the time derivative of the error with respect to the control systez helps to 
increase demping. To bring this about, the converter unit changes the incoming 


voltage U into the output voltage 
= a + bu, (3.85) 


-¢ 
where a and b are constant coefficients. For this the transfer function of the 


converter in the ideal case ought to take the form 


cm a(t + 2): (3.86) 


But in practice in the case under consideration the transfer function of the 


converter unit, which represents a correcting circuit, takes the form 


Tc 9+! 
Wo (p)= Ket rece (3.87) 


where KX), Vo is the amplification factor, 
Te is the time constant in sec, and 
n is the constant coefficient. 
Secondly, control according to the error and the derivative and integral of 
the error with respect to time. The integral of the error with respect to time 
is included in the control system with a view to eliminating the static (steady- 
state) error of the system. In this case the output voltage of the converter unit 


should take the form 


& 
U.=aU + ee tei Uae (3.88) 
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for which, in an ideal case, the transfer function is 


ev o el 
Wp) a(! +<-pr- ). 
where a, b, and ¢ are constant coefficients. 
It {8 possible to obtain a voltage proportional to the integral with respect 
to time of the input voltage U by using an integrating c‘rcuilt as part of the con- 
verter unit. Assuming thet the transfer function of the integrating circuit is 


K 
for practical purposes equal to = and adding it to (3,67), we obtain the trarns- 


fer function of the converter unit in the following form: : 
Ky. cp (nT pti ptk.. (7, p+ 
A ee a (3.89) 
opti 


Of the two control systems considered, the second, i.e. control according to 
the error and the derivative and integral of the error with respect to time is the 
| more perfect. It is the one which should be adopted since under this system there 
is more possibility of fully ensuring that the integrator functions properly in 
actual conditions. Naturally, the entire servodrive in this case should be cor- 
rectly designed and should have a fairly high amplification factor. A high ampli- 
3 fication factor enables the servodrive to work at. iow output voltages U,,4 from 
: the integrating gyroscope, or in other words, at very small angles of rotation g 
of the floating gyroassembly with respect to the instrument housing. 
| Turning to the power amplifier, let us assume that it is linear and for prac- 


. tical purposes inertialess, by virtue of which its equaticn will take the form 


ta * Xue, Ta Uc (3-90) 
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where I. is the output current of the power amplifier in amp, and 


Kor I, is the amplification factor in amp/volt. 


Successively substituting Eqs. (3.84) and (3.63) into Eq. (3.90), we obtain 


an equation for the whole amplifier 


Ta = Wa(P outs (3.91) 


in which the transfer function of the amplifier 
WalP) = oe Kuo, Ialicle). (3.9?) 


3. Slave Motor with Reducer 


Taking the slave motor to be inertialess, we obtain 


1 Moot ~ ~ Klas Mmot ta ’ (3.93) 
| where Mot is the moment on the output shaft of the reducer in gf-cm, and 

i 

' 

{ 


tr, Moot is the amplification factor of the slave motor with the reducer in 
ef-cm/emp. 
The minus sign in Eq. (3.93) means that the output shaft of the reducer turns 
the housing of the floating integrating gyroscope in the opposite direction to its 
| absolute angular velocity w, since positive w# produce corresponding currents 


Ie, which are also taken as positive. 
4, Platform 


Let us consider that the only external moment which may act upon the platform 


about the input axis y of the integrator is the moment M,, transferred to it by 


t 
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the output ehaft of the reducer. The equation for the motion of the platform: with 
respect to the base of the integrator about its input axis y car. then be written 


in the form 


Jrer “rei = Mnot» (3.94) 


where Jrer 18 the reference moment of inertia equal to 


Jrer = Upl + Ther gf-cm-sec®. (3.95) 


Here, 
Jp1 is the moment of inertia of the platform with all the rigidly attached 
parts of the construction with resre:t to the input axis y of the inte- 
Grator in gf-cm-sec@, and 

deer 1s the sum of the moments of inertia of the slave motor rotor, referred to 
the output axis y of the integrator, and all the parts of the reducer 
rotated by it in gf-cm-sec@. 


| 
| In the form of an operator Eq. (3.94) becomes 
| 


#18 Vi (pM (3.96) 


‘where the transfer function of the platform is 
! 


We) =. (3.97) 


ve 


If it is necessary to take into account the effect of any disturbing moments 
(which we will denote ) on the platform, for example, the moment of imbalance, 
; dist ? 


“the following equatior should be used instead of Eq. (3.96) 
| 
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oi Ww, (PIM + M,..,). (3.98) 


Thus, we have considered all the parts of the integrator. A functional dia- 
gram of the instrument, compiled from the equations obtained and on the assumption 
that the transfer function of the converter unit is defined by Eq. (3.89), is given 
in Fig. 3.6. 

Let us now formulate the equation for the integrator - the differential equa- 
_ tion of motion of the platform, or what is the same thing, the gyroscope housing, 
about the input axis y of the integrator. This equation can either be obtained by 
the normal methods on the basis of the functional diagram in Fig. 3.6, or by suc- 
cessively substituting Eqs. (3.93), (3.91), and (3.82) into Eq. (3.96). In either 


‘ case the desired equation is obtained in the form 


' 


(¥°(P) + 1} Oe Wipe... Bl or 


. (3.99) 
— hy wt — has Af), 


where the transfer function is 


W'(p) = Krew Wa (p)W, (Pp) W,, (p). (3.100) 
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Fig. 3.6. Functional diagram of uniaxial Space integrator of angular 
velocity with floating integrating gyroscope and servodrive. 


Fe78-9910/V 178 


_.. : wt eee tte eae tnts > mere mm re tree a nme em cme ee) 


Replacing the transfer function W (p) in Fq. (3.99) by the expression for it 


(3.100) and applying Eqs. (3.46), (3.92), (3.89), and (3.97), this equation can 
be reduced to the form 


fp (7p + NTP + 1)+ K, Pea oe n}}-. = 


uu, 
= —Kelotnt.p +1) + Ka i (pt ix 
Urs 
X (eter — Rive wha Rie t— hee MDI, (3.101) 


where 


. . - I 
Ky= Kea. Nu u Kusue Kug. Rien V/s wet 


Te 7 (3.102) 


As agreed, the orientation of the input axis of the integrator in space is in- 
‘ variable, as a result of which y= Yeo. At first, however, let us take it that 
, the acceleration 7 #0 and see, in principle, how its effect on the work of the 


| instrument can be eliminated. If #4,, = constant, Ig, = constant, Y * const 


| and My = const, then, taking p = 0 in Eq. (3.101), we find that the work of the 
7 = 

' integrator in the steady state is described by the equation 
! i 


oly hye tH hy eM). (3.103) 
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. In an ideal integrator the angular weloeiey @ ye] Should be a function of the 
angular velocity “trea aid the current Zeon Sione. In actual fact, as ts clear 
from Eqs. (3.99) and (3.103), both in the transient and steady states the velocity 
* vel depends on the moment My and the acceleration ¥ , and this leads to corre- 
sponding errors in the integrator. The moment My causes drift. The componente of 


| this moment are due to various causez, but they can all be divided into two basic 


_categories: systematic components and random components. Thus, _ 
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“ 


My = syst + My rand, (3.104) 


where Mi syst 18 the systematic component, and 

Mi rena 18 the random component of the moment M;. 

It follows from Eqs. (3.99) and (3.103) that if the current Leon = 288n Midvet 
. Impressed upon the secondary winding of the microsyn-torquer is such that the 


equality - KI ccnp e Icon Mi syst ~ mM, e My syst = 0 18 satisfied, i.e. 


ky 
=con, 


ZeonMi syst 





— My syst (3.105) 


the effect of My syst? the systematic component of moment M,, will be eliminated. 
, In other words, the systematic component of the angular velocity of drift will be 
| eliminatei. The moment M: rang Cannot be compensated, on the other hand. The 
! random component of the angular velocity of Gift produced by it determines the 
_maxtmm performance of the integrator (stabilizer) 1m the region of small angular 


velocities. 


| In this way, complete compensation for the effect of the moment My is not 
! 
| possible due to the random components in it. In adjusting the floating tntegrat- 


ing gyroscope every attempt should be made to reduce the moment M; and particu-~ 


\ 
larly its random component My rand°* 


i 
To compensate the effect of the acceleration Y on the functioning of the 


| integrator, as is clear from Eqs. (3.99) and (3.103), a current Icon = leon ¥ 


| should be supplied to the control winding of the microsyn-torquer such that will 


satisfy the equality - Bras o Leen ve Kee ey =9%, 


i.e. 
a Se 
la = = eo ; 
| 4 (3.106) 
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If the acceleration ¥ changes in a random way while the integrator 1s work- 
ing, in order to compensate for it, it {4s essential to measure the acceleration in 
some way or other and in accordance with its current values vary the current 
loon ¥ such a way that Eq. (2.106) is always satisfied. 


Assuming that in the integrator the moment My syst 4s compensated, the moment 


M rand {s for practical purposes zero, and that the acceleration is y= QO, or is 


compensatec, instead of Eqs. (3.99) and (3.103) we obtain respectively 


[W7(p) + Me ram — WPI Y Be one oe} (3.107) 


emi HO PR notion (3.108) 


rel 


In these equations Icon denotes the current supplied to the control winding 


of the microsyn-torquer, apert from the current supplied to it for purposes of 


' the given compensation. This current Igo, can be called the input current of the 


gyroscope or integrator. 
From Eq. (3.107) for the dynamics of the integrator and Eq. (3.108) 
describing its statics, we can easily obtain equations for the two possible special 


working regimes of the integrator: the geometrical-stabilization regime Gs = 0) 


ad the spatial-integration regine (era 70). Assuming the current Iggy 70 in 


| Eq. (3.107), we obtain the following equation describing the dynamics of the 


integrator in the geometrical-stabilization regime: 


(Wp) +e, — MlPden, (3.109) 
Correspondingly, when I, = 0, we find from Eq- (3.108) that in the steady 
geometrical-stabilization regime, i.e. when #,., = const , 


t 


£ Op FOr 2 (3-110) 
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and, consequently, the orientation of the platform (the gyroscope housing) in in- 
ertial space remains unchanged. In practice, however, this equality is only ful- 
filled with a high degree of accuracy in the working range of the integrator. 

Hence the basic value describing the work of the gyroscope when tested within the 


integrator system in the steady geometrica_-stabilization regime is the factor 


. !epet esp ——| Sveti 
(AKe,,, as tore! esp cit (3.111) 
To evaluate the deviation of this factor froma particular value 
(Kegrare ) w= Piel ew — “as . (3.112) 


Per Cet lwirelent Pe tielent 


| taken as the calibration value, let us introduce the gelative dimensionless factor 


in accordance with Forma (3.56) 


K (x. tra ored op : 
(Kors rider Oxoid a. (3.113) 


| 
\ 
| 
| i 
| . 

{ Alongside this factor, it is convenient to consider as well the relative er- 
vor of the output value » rey Which according to Formulas (3.58) and (3.59) wi11 


i be 


; tee Bn (Kerrsensdow w= (3.124) 
1 

Assuming © 4, = 0 in Eq. (3.107), and, consequently, » .., % #, we obtain 

| the equation 


[W(p) + 1] o= Wp) hicnelegns (3.125) 
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which describes the dynamics of the integrator in the spatial-integrat‘ion regime. 


From Eq. (3.108) it follows that in the steady state with Ieon * constant 


o= By whan e 
Consequently, the steady-state spatial-integration regime is characterized by the 
factor Kr. w » which las been given fairly thorough consideration above. 
-scon : 


Equation (3.101), which describes for the genere? case the dynamics of the 


integrator (stabilizer), shows that the dynamic properties of the latter are de- 


termined by the dynamic properties of the parts composing it. The dynamics of the 


integrating gyroscope are characterized by the time corstant T which is determined 
by Eq. (3.18). Asa rule, it only amounts to a few milliseconds. Hence the in- 
tegrating gyroscope has a much greater speed of reaction than the other components 
of the integrator, by dint of which its influence on the dynamics of the inte- 


grator will be insignificant. The same can be said of any other kind of device 


using a floating integrating gyroscope coupled with a servodrive. 


| 


‘ 


The dynamic and static properties of the floating integrating gyroscope are 
such that when coupled with a carefully selected servodrive it is possible to 
solve successfully any problem to do with geometrical stabilization with respect 
to inertial space. Furthermore, as wil] be showr in the next chapter, a floating 
integrating gyroscope fitted with a feedhack circuit can be converted into the 


most improved form of differentiating Gyroscope. It can be stated that the float- 


/ ing integrating gyroscope coupled with 4 servodrive is capable of providing a more 


, Successful solution to many technical problems which are solved at the present 


. time by ordinary gyroscopes y @nd opens up new horizors in the development of gyro- 


_ scopes. 


Let us now assume that a servodrive without integral control is used in the 


integrator, and that the only control is according to the error and its derivative 
| 
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oe with respect to time. The transfer function of the converter unit is then deter- 
mined by Eq. (3.87). Let us see how this integrator will work when the disturbing 
moments Ma,4 are acting on the platform. Suecessively substituting Eqs. (3.93), 
(3.91), (3-92), and (3.82) into Fq. (3.98), and assuming that oy rand = 7% = 9, 
and that the influence of My syst is compensated by supplying a corresponding cure 
rent to the control winding of the. microsyn-torquer, we obtain the following equa- 


tion for the dynamics of the integrator in the presence of the moment Mayet! 


(WP) + 1] oe W'(p) [tea Ay, ah A+ 1 (PM, (3.116) 


where the transfer function W (p) determined by Eq. (3.100) can be presented as 


WP) = Ke uke Kym ie PY OP) Me )- (3.377) 


Equation (3.116) is valid for any control system since the transfer function 


. Wo(P) of the converter unit is contained in it in general forn. 
In the case concerning us Wo(p) is determined by Eq. (3.87). Substituting 
this and also the values of the transfer functions Wi.g.(P) and Wp1(P) into Eq. 
| (3.116), and applying the equalities 
Wea PA cay Wrei=PEr., 
where © tre 4s the angle of rotation of the integrator housing in inertial space 
about the input axis y, and 
* rel 4s the angle of rotation cf the gyroscope housing with respect to the 
integrator housing about the input axis y, 
| 
| 
| we obtain 
| : 
| 
r | 
«> ‘ 


LP? ppt eK lal pe Wlen= 
: 1 
= —Ay(alpt n(3,..— = al wel.) 
+ > (Tp +1) (7p + WAN... 


(3.218) 


Here K, 18 determined as before by Fa. (3.102). 

It is clear from Eq. (3.118) that if Mays = 0, in the steady state, when 
Icon = 0; “re] =~“tra» that is to say, the orientation of the platform (gyro- 
scope housing) remains unchanged in inertial space, as in the case of the servo- 
drive with integral control. 

Now let 24,7, = 0, that is to say, let the orientation of the base of the 
_ integrator remain unchanged in inertial space, let the current Icon = 0 and the 


‘platform be subjected to the effect of the constant moment Majst. Then, assuming 


/p sO in Eq. (3.118), we find that in a state of equilibrium 


{= 


oy eet (3.119) 


rei Ka 


Kye Kou Ky aku. Ku, Xi, esate _ (3.120) 
This angle i3 the steady static error. The greater the amplification factor 

Ko), the less it will be. If a servodrive with integral control is used, this 

i steady error will be zero. 

: In the practical investigation of q. (3.118) the terms Tp and Trp can be 

“Agnored in view of the small value of the time constants Tand I>. In this case 


ee. (3.118) assumes the form 
| 
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Mais (3.121) 


where the time constant 


mV ed were (3.122) 


| The same thing can be done in Eq. (3.101). 
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CHAPTER IV 


THEORY OF THE FLOATING DIFFERENTIATING CYROSCOPE 


The present chapter deals with the floating differentiating gyroscope, taking 
its specific features into account and singling out the paremeters of interest 
from the standpoint of its practical application, testing, end analysis of the 
test results. 

The floating diéferentiating gyroscope differs from the floating integrating 
gyroscope in that it contains an electrical or mechanical unit or arrangement 
which impose: upon the floating gyroassembly, when the latter deviates from its 
initial position (corresponding to a zero angular velocity w), a moment propor- 
tional to the angle of deflection tending to return the gyroassembly to its 
initial position. As before, we will call this the elastic moment and denote it 
4,° We will consider below two types of arrangement for creating an elastic 
aodent 10 868 floating differentiating gyroscope: 


1) the gyroscope in which the elastic moment is created by a torsion rod (or 
any other mechanical spring or springs); this type of instrument we shall call the 


floating differentiating gyroscope with torsion rod; 
2) the gyroscope in whicr the elastic moment is created by an electrical 
arrangement using a rigid electric feedback circuit; this instrument we shall call 


the floating differentiating gyroscope with feedback circuit. 
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Section 1. Differential Eauation of Motion of the Floating 


Differentiating Gyroscope With Torsion Rod 


One of the variations in the design of this instrument and its working prin- 
ciple is given in Figs. 2.20 and 2.21. As in the case of the floating integrating 
gyroscope, in Fig. 2.21 x, y and Zp are the axes attached to the instrument housing, 
z is the spin axis, y is the input (measurement ) axis, x 4s the output axis, and 
Zo is the initial position of the spin axis z, corresponding to a zero angular 
velocity w, a zero microsyn-torquer control current Tian and a zero output voltage 


U 


Vout from the microsyn-pickoff. The angle of deflection of the spin axis z fron 


its initial position Zo is represented as a . In Fig. 2.21 this angle is shown in 
the positive sense of its vectors. 

The elastic torsion rod, shown separately in Fig. 4.1, is rigidly attached by 
one end to the floating gyroassembly (Figs. 2.20 and 2.21) and by the other to the 
dnstrumen> hovsing. Hence the moment imposed by 4t on the floating gyroassembly 
is in proportion to the angle A ané. directed in such a way as to return the gyro- 
assembly to its initial position. Thus, the moment imposed by the torsion rod on 


the floating gyroassembly is 
M,=kB, (4.1) 


where k is the rigidity of the elastic torsion rod in gf-cm/rad. When the angles 
fA are positive, the moment M, lies along the x-axis. 

If a system of springs 1s used to create the elastic moment by acting on the 
floating gyroassembly via a lever (or levers), Eq. (4.1) will contain, instead of 
k, an expression for the moment imposed by them on the gyroassembly with A =1 rad. 


This moment, if we follow the method adopted earlier, can conveniently be 
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denoted 5 and called the amplification factor of the arrangement creo- 


ting the elastic moment. In future, therefore, we will use the followin, expres- 


sion for Me? 
M, = Ke. uP (4.2) 


In the case under consideration 


Ap w= (4.3) 


The interrelationship between the 
{individual parts of the floating differ- 
entiating gyroscope with torsion rod 15s 


clearly illustrated in Fig. 4.2 which 





shows the purpose of the component parts 
and their interrelationship ‘ve assume 
that the instrument is equipped with a 
Fig. 4.1. Elastic torsion rod. : 
microsyn-torquer). The diagram shows all 


the physical values affecting the work of the instrument and determining the mo- 


: ments acting on the floiting gyroassembly- The symbols used are the same as de- 


fore. 
The physical values given in Fig. l,.2 are subdivided into three groups. 
1. Basic values. These are the angie 6 , the angular velocities » and 6, 


the current Ion» the voltage Uae and the moments I, Mas M, and Me- The inter- 


connection between these values is shown by thick lines. 


2. Auxiliary values. These are the currents I'_ and I » the intake P 
ex “ex -eyr 


and the temperatur2 +. The interconnection between these values is shown by 


broken lines. 


3. Interference. These are velocity a, and acceleration ¥ . Their inter- 


connection is shown by lines consisting of dots and dashes. 
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The lines showing the interconnection (or influence) of the values have 


arrows to indicate the direction of their effect. Those of the moments have small 


circles on them in addition. This means that according to Newton's third law the 
perts which are sources of moments experience a equal and oppositely directed 
reaction from the parts on which they impose those moments. The moments of iner- 
tia and the components of the interference moment M,, which inevitably arise when 
the instrument is functioning, have been lert out of the diagram. 

Let us formulate the equation of motion of the floating gyroassembly about 
its x axis of rotation with respect to the instrument housing. Since the only dif- 
ference between the floating differentiating gyroscope we are dealing with and the 
integrating gyroscope considered in Chapter III is the torsion rod, to obtain a 
| differential equation of motion we have to add to the left-hand side of Eq. (3-16) 
the moment M, determined by Eq- (4.2). The differential equation of motion for 
the floating gyroassembly of the floating differentiating gyroscope with torsion 


rod will assume the following form 


T+ D+ Ky ght Keb = (4.4) 


=Ho(coss - “2 sin ¢)- Kya fom M;. 


The numerical values of J, Ky. My, K gem, 7 ¥ TOF floating differentiating 
gyroscope Type 10" No. 55 are given in Tables & and 5 (Chapter II, Section 2). 
The amplification factors in Eq- (4.4) will be considered constant, for which we 
must make 

Poy = const, Loyr = const, + = const 
lex = const, f, = const. 

Dividing Eq. (4.4) by J and transposing the terms, we obtain the differential 

equation of motion for the floating differentiating gyroscope with toraten rod in 


the following form: 
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: 2% (4.5) 
E — WK alee 1 Km M,. 
The constant coefficients in this equation are the following: 
o 
oN ete Qf, ra6/sec (4.6) 


de the angular frequency of the undamped oscillations of the floating gyroassembly; 
f 0 is the frequency of the ‘free undempei oscillations of the gyroassembly in cps 
(this numerical value for gyroscope Type 10" No. 55 is given in Tables h and 5, 


Chapter II, Section 2). 


pe Nfs oe — XA 
2 ZW IKy (4.7) 


4s the damping ratio of the floating gyroassembly which is the ratio of the actual 
damping factor to the critical damping factor (this numerical value for gyroscope 


Type 10" No. 55 is given in Table 5, Chapter II, Section 2). 








Ks, = a at see, 4.8 
aha 8 (4.8) 
leonp Ko, a & amp e 
Ka 9 = tfat-en. 
"" Xs, (4.10) 


The lification factors K ; and describe the dependence of the 
exp Kw, B* eon  MyP aie 

angle AB on the input angular velocity w, the control current I, of the 
microsyn-torquer and the moment My respectively. 


Equation (4.5) is not investigated because it is not the angle fA which is of 


interest in the final analysis, but the output voltage Use of the microsyn-pickoff. 
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Section 2. Equation for Floating Differentiating 
Gyroscope With Torsion Rod 


As in the case of the floating integrating gyroscope, the output voltage of 
the floating differentiating gyroscope Vout emitted by the microsyn-pickoff is de- 
termined by Eq. (3.13). The numerical value of the amplification factor K K 4 


for floating differentiating gyroscope Type 10" No. 55 is given in Table 4, 


s Vout 


(Chapter II, Section 2). 
Replacing @, § end @ from Eq.. (3.13), (3-14), and (3.15) in the lefthand 
side of Eq. (4.5), and substituting for be p the value given by Eq. (4.10), we 
wits 9 


find the equation for the floating differentiating gyroscope with torsion rod: 





U,., +a tele art a(t + get 
. Kev eat 4s : Ko. vous 
~- t+ )firkau , (coss—"* sine BK reaver - (4.11) 
Kp, G ous 
—Ko.uat— ZXm, taee™, | + Ay + 2by,4, +41 +- it) 
: K0.U ww 
where ! 
Ko. a = Kathe tar PE (4.12) 
Keen ou Keen Kb.v nu velit, amp (& 13) 
Kn, Uo == Kn, 9Ko.u ox volt gi-cm, (4.14) 
The amplification factors Ko, U > i and Ky ,u define the depend- 


ence of the output voltage Ue on @, Leon? and Mm respectively. The numerical 


h 


value of the factor Ky for gyroscope Type 10 No. 55 is given in Table 5 


» Vout 
(Chapter II, Section 2). This factor represents the sensitivity of the floating 
differentiating gyroscope with torsion rod with respect to the input (measurement) 


angular velocity w. 
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Disregarding in Eq. (4.11) the term 9 , which is small compared 
Kp, veut +4, 
to the product DVo» which is many times greater than one, let us rewrite the 





equation for the gyroscope with the torsion rod in the following final form: 


UL + mW ., +8(1 + itu = Kev, (i + z—)* 


OU ns 
x|(cose -— sin Jo ra elea ky ka, m+ (4.15) 
£1, $2 43(1 +t) 
Kou ox 
where ~ 
K con Vow K a red/sec ‘ 
bee” Rey ne (4.26) 
Kp vou 
Ai. WX w,Uout ” ™ elt 
Kut oe 
Ru, oe eet oe — “emo 


Kevou 4 (4.18) 


The second expression in each of Formulas (4.16), (4.17), and (4.18) for these 
amplification factors are obtained by substituting the corresponding Eqs. (4.6), 
(4.8), (4.9), (4.10), (4.12), (4-13), and (4.14) into the first expression for the 
factors. 

By comparing Eqs. (4.16), (4.17), and (4.18) respectively with Eqs. (3.32), 
(3.33), and (3.34), we see that the amplification factors k, w; Ky w, and 

"4con? —-@) 
my qw are the same in the case of the floating different‘ sting gyroscope as they 
wml» 


are for the floating integrating gyroscope. 


Section 3. Transfer Function and Frequency Characteristic of the 


Floating Differentiating Gyroscope With Torsion Rod 


Assuming that the microsyn-pickoff is working 4deally, in which case 


A= A‘e = 4: “Att = O, and using the differential symbols 


a a2 
P =a a Sige ge GS 
ap Fe? 
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we will rewrite Eq. (4.15) in the form of an operator: 


(p*+ 2p + 3U, = Haw,,| (cor sing Je 


—t of = hii ba, oM, |. 


Dividing this equation by pe + 2b % pt *, we obtain 


UL Ww - (er{(cosp —Zt25in9 Je—ay, ol 


es con (4.19) 
—k, <i—ta,.M]. 
| where | | 
: = Xo. vest 
W, (p= ibe (4.20) 


| 48 the transfer function of the floating differentiating gyroscope with torsion 
_ rod. In actual working conditions, a small, and, in the general case constant, 
voltage of an indeterminate nature due to the reasons given above will be added 


algebraically to the voltage determined by Expression (4.19). 


out? 
Proceeding in the same way as in Chapter III, Section 3, we can obtain from 


Expression (4.20) tHe following expression for the frequency characteristic of 


the floating differentiating gyroscope with torsior rod: ‘ 


K 

Mo UN= em Aen, (4.21) 
where 
! e= —2sf. is the relative frequency (4.22) 

0 
: Rev net 
, AD = am (4.23) 
i 
or 
' AUN) = Kau, Ars (4-24) 
. | 
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“4 


(4.25) 


sN= — aera 2S). (4.26) 


Expressions (4.23) and (4.24) are the amplitude-frequency characteristic of 
the floating differentiating gyroscope with torsion rod. The phase-frequency 
characteristic is given by Eq. (4.26). The physical meaning of these character- 


istics ts the same as for the floating integrating gyroscope. 


Section 4. Floating Differentiating Gyroscope With 
Torsion Rod Operating in the Steady Siate 


Let us take the steady state to mean the working conditions under which 


U 


ee e 
Uut = Yout = 0, the control current I.) of the microsyn-pickoff (or there my be 


no pickoff at all) and the angular acceleration of the instrument housing 7 being 
equal to zero at the same time. 


ce = Ue = Tn = ¥ = 0 in Eq. (4.15), we obtain the following 


Taking Yo 
equation for the steady-state operation of the floating differentiating gyroscope 
with torsion rod: 

M; 
U, = Koe,,(c088 =i sin3—kw;.. =) om 
- = 


bythe (4.27) 


+ ——_—__,-——_ 
4, 
: 1 6 
4( “ 


* 0. Cour 
I 





In so doing, on the basis of Eq. (4.12) and (4.8) we have: 


(4.28) 
Kove mA Kyu 


= & vei Teton ri 
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| If oe take a'« A tt = 0 in Eq. (4.27), which will be the case if the voltage 
A is not dependent a +ime, we will obtain the equation of equilibrium for 
the floating gyroassembly (on condition I... = ¥ =0). The state of equilibrium 
which it defines oceurs a short while after the instrument housing hus begun to 
rotate with a cogstant input angular velocity «#. Thus, if & is not dependent 
on t, the steady state 4s merely tne state of equilibrium of the floating gyroas- 
; sembly for any constarit, value of the angular velocity # when 7 = Iga =O. 
| But 1f the voltage ‘&.aoes depend on time, Eq- (4.27), strictly speaking, 
' will not be the equation of ‘équiltbrium for the floating gyroassembly. This 
equation has been obtained on the Basis of the condition that Bout = Us =0, 
"fae. Uout * const. If, bowever, @ depends’ on time, then with the equilibrium of 
| the floating gyroassembly which occurs when w = const, the voltage Uou+ cannot 
remain constant. But since in an instrument working normally the values A, & “< 
t are fairly small, the oscillations of the soltage Vout obtained sianee 
' the floating gyroassembly is in a state of equilibrium will also be comparatively 


' and a 


| emall. They will only have an effect to any great degree when the values of w 
are small; the latter in the steady state correspond to small angles 4g, and, 
consequently, to small output voltages Cae In order to reduce the seuxive 
error in the voltage Vout? caused by the voltage & and its derivatives, the 
factor K 


= B> out 
there is no equivalent increase in A and its derivatives. We should note that 


has to be increased, but this must be done in such a way that 


in the gyroscopes of the Massachusetts Institute of Technology K U for the 
“FE? eout 


differentiating gyroscopes is double what it is in the integrating gyros. 


Tus, when 4 depends on time, 4t ig only possible for Eq. (4.27) to be 
accurately fulfilled, when the angular velocities » vary with 4 and its deriv- 


: atives. 
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Hence, it is vital to see to it that 4@ in practice does not depend on time. 
Let us assume that this is in fact the case to a high degree. Then, in Eq. (4.27) 


we can assume a, = 0, after which the equation will take the form: 


“7 Mt 
(4.29) 


~ M 
U,,,=Kau,,,( 6088 — 2% sink — ka, = )o+ 4. 


- From this equation it will be clear that when 


4 


cosp=1, oA, =AsA=0 


U,.. = A, uv * 


eure 


i.e. here the dependence of U,,, on in the steady state is fully determined 


by the factor K 4, 
=, Vout 


the steady state [see (4.29) } 


. But if cos8=1, 0, £0, M,f#0nds xO , then in. - - 





*-- Ui Kee 


» M, 4 
(cos — “t+ sin — hu, o> + ‘ Js 
» ° ot °. 


i.e. here the dependence of U,,, on. #16 détermined by the factor values 





Koy Ko. (cos — "msn ta,» “E+ - *_-) 
': ° ° =U oat? 


“It is not possible to calculate the value of this factor in theory since My and 


& are indeterminate; it can only be found by experiment, for which purpose we 


Qout ) 


2 (the 





U 
—— ut _|exp 
have to determine the ratio re » which we shall denote ( 


index "exp" denotes a value found from experiment). Clearly, this ratio will be 


equal to the factor Ky LL The values of this factor derived in this way can 
»=ou 


be conveniently taken as the experimental values of K’ » Vout?” and we are then 


a 


relieved of the need to introduce another coefficient into the discussion; we are 


also able to study and take into account experimentally the deviations of Ky wu ‘ 
-ou 


from its nominal value which are possible when cos § # 1 and aw, = M, = A =0. 
=0 = 


U 
Thus, taking the ratios (=out as the experimental values of K 
’ ng Sp A @ Yous’ 


marking them “exp,” we obtain (provided none of the terms of Eq. (4.27) can be 


and 


ignored) the following 
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a 
a kau,,:{cos8 — 7 ——* sinB—ku,.o--- =o - }. 
Kova. ® 
In the last term on the right-hand side it may be taken that Ke, aut on- 
ou 
FUour: After substitution we obtain 
(Ke...) enp >(~),: = (4.30) 
M a 
i ie 2 @, . A 
; = Kat (608 8. — —* sin} — ku yo + Uen: ). 
‘a - The Eascicai values of the amplification factor (K on ) ° may vary 
ae -out exp 


_ with «. For a quantitative evaluation of the variation we will use the concept 
: of the relative dimensionless amplification factor, which, according to Formula 
(3.56), will be in the given case 


(Ky vou emp 


(Ke.u RB) ap c: > ° 
outeagre Ke “Vey 
| | Kevegdeat (4.32) 
where the calibration value of (KL, U 2 determined experimentally is 
| You exp , 
; on Govtcat You &. 
(ated lee (es) (4.32) 


eu ) should be determined under conditions where the 
» Yout cal 


' angle 6 is so small that we can assume 


The value of (K 


cosp=1; sinB=0 
‘ and where , 


sak | Kae les «1 l-“ | «1, 
oe 


| Osc. mez 


i.e. where the influence of angle g , the moments M, and the voltage 4 are insig- 


| nificant. 
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In such a case, as is clear from the Eq. (4.30), the amplification factor 


) will be in practice equal to the theoretical value of K 
Yout eal “@s Yout 


determined from Eq. (4.28) and taken in all iieceline arguments as constant. It 


K 
- Wy, 


is also possible, however, to have cases when it will not be constant. For example 


— the core of the microsyn-pickoff is saturated, the dependence of its output 


voltage Gout on the angle 6 ceases to be proportional. Hence, in the given case 


‘the amplification factor K 8, U becomes variabic, which, in its turn, causes 


% sout 
variability in the factor K y 7 88 18 clear from Eq. (4.28). Therefore, in 
“2 Sout 
,order to cover all feasible values of K U when considering (K U ) 
“@) Sout "> out 


exp rel, 
we will mark it and also the values used to express it with the subscript "cur" 


(current value), Then, in accordance vith Equality (4.28) 
(4.33) 


Kodo =(Ke vo den= se Usurdeur * 


In practice, we should choose as (K uU ) a value of the factor 
“#7 Sout op: 


i 
(K ) in the working range of the instrument, i.e. the range in which 





—-@, U 
\ -out 
Vout exp is practically proportional to the angular velocity w exp’ In this range 
(KL ju ) is to a sufficient degree of accuracy constant and for practical pur- 
| . 


=out 
exp 
lposes equal to the theoretical value of K Vout? determined by Eq. (4.28). Hence, 
eo, uw 


‘according to Equality (4.28) we can assume 


= Hy (4.34) 


(Kau, ew 4. th. Courdeas ° 


Since in the general case (Ky, U 2 is determined by Eq. (4.30), substituting 
~ou 
t exp 


| 
| 
| 
| 
i 
eS into Formle (4.32), we obtain 
| 
i 


we Af 3 4, 
(Kev) = Ke.vew (cos #——* sin B—kw 2 — +7 ). ( 35) 
ot “ORD. re Acvon Yeas o oe out 
‘Substituting the value of (K ) determined by Eq. (4.34), marking Ko y 
~@s out car © Hout 
] * 
with the subscript “cur” and substituting its value in (4.33), we obtain As 


ee en eg Ba Cage Si a > see ee < peas se | SE a Wort fon eho es Sree Ee 
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- Co C ew 

For practical purposes 
“cal 


this ratio in Formule (4.36) in its general form so that 


(46.36) 


). 


EH 
onl is always roughly equal to unity, but we will leave 


it may apply in all cases. 


Analysis of Eq. (4.36) shows that at small angles 8,, when cos B w 1, 


sin Bw 0, 


' 








1. Working region. In this region 
Hear Rear (Kg yawdeoe 1 
Heat > Boue Apgusdes : 
M 4 
yl 1, | [. «1 
[+s : | e L.. : Gort lect 


and, consequently, 


(Ket Duet ls 


e@ 


| 
{ 


| angular velocity #. 
: If in Eq. (4-36) 


Ln 
ku 2 — € cos 6, 
| My « Le * 


there are three characteristic regions of values for (Ky, U 
—W, 


) 


aay exp rel. 


(4.37) 


(4.38) 


Thus, in this case the output voltage Vout will be proportional to the input 


—=_| < cosB 
oul men 
‘and Hewe aaah (Ko. Ves Yeur =), e 
Hey Bewe (Kau dw 
*, . 
‘put the tern — sin ¢ cannot be ignored in comparison with cos g and 
cos § 7 1 cannot be assumed, then 
(4.39) 


(Ke. uou1) 


exp re 


20] 
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In this case Vout will not only depend on the input angular velocity ©, but also 


on the angular velocity “> which is highly undesirable since it prevents us 
-0 


obtaining an idea of the angular velocity @ from the voltage Yout? 


2. Region in which the influence of indeterminate (random) interference its 


considerable. In this region 


Ne = Ra act (Ap cover a 


Ho Wiuen Apucy dea 








But the absolute values of both terms 


M, 4 
Rau, ps acd Ue ’ 


(or either one of them) are such that they cennot be ignored in comparisen with 


, unity i.e. in this region only one (or neither) of the equalities 


| Mm 1 4 
--- «lh 1-- i 
; | ea e oe fe ~ | our ae 
(4 satisfied. In this region, therefore, 
(4.40) 
M, 4 
(Ke.U oa eny. rei 1—ku eS STR. 


In this expression the two last terms, which are the indefinite (random) 
values, can be both positive and negative. 


Thus, in the given region the factor (K oy ) is a variable of a 
! male ex; rel 


random nature on account of the random nature of the moment M, and the indetermt - 
nate character of the voltage a. This region occurs at poe values of the in- 
' put angular velocity # when the gyroscopic moment is commensurate with or lees 
than My The boundary of this region determines the minimum angular velocity 

i = 


© sin which can be measured with the instrument. 
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3- Region in which the amplification factor cf the microsyn-pickoff is a 


variable (region of saturation of core of microsyn-pickoff). In this region 





le 2 ae: 1, : 4 4, Hewett, 
} = o & 1 Gas ea Wea Bees (4.41) 
by virtue of which 
aaa! (Ky 0 na ewe 
(Ketanders eT Up dt | (4.42) 


cal 


and, consequently, is a variable. This region occurs at high values of the 
measured angular velocity « when the output voltage Y,,, induced in the secondary 
winding of the microsyn-pickoff reaches values at which there is safuration of the 
core. The boundary of this region determines the maximum angular velocity which 
the instrument can measure. 

In order to increase the working region the boundary of the second region has 
to be reduced and that of the first region increased in every way. The former can 
be achieved by improving the design of the torsion rod with a view to increasing 
its transverse rigidity, by the greatest care in the manufacture, assembly and ad- 
_Justment of the instrument, and by supplying it with power from stabilized sources. 
itt a microsyn-torquer is used, the systematic interference component my be re- 
‘queed by supplying an apprepriate current Lén to its control winding. The second 
‘ease can be made possible by using materials with high inductance which for 
pirmotiead purposes are not subject to hysteresis. Nevertheless, the upper boundary 
4s still basically determined by the influence of the angular velocity wo,» per- 
mitted, which fact requires limitation of th: angle of rotation 6 of edie ice 
(gyroassembly and the measured velocity «. 

Let us consider which conditions have to be fulfilled in order that the opera- 
tion of the instrument under conditions of varying input angular velocity # may 
correspond as closely as possible to operation in the steady state. In other 


words, under what conditions will the output voltage Tout be in practice 
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proportional tc the angular velocity not only when the latter is constant, but 


also when it varies. 


2 ° 
Dividing Eq. (4.15) by VQ and assuming 4/_ = os av, 70, let us re- 


write it in the form 


rere KevaloreH- aay 


— Riganz leer B21 — be iM +4, 


where Ty and Ty) denote the time constants 


| 1 J 
qet=V = = (4.4) 


Koma (4.45) 


20 %. 
a ee 
> Clearly, for the operation of the instrument under conditions of a varying 
a 


proeae angular velocity # to correspond in practice to operation in the steady 
state, the first two terms in the left-hand side of Eq. (4.43) would have to be 


‘negligibly small compared with the third term Uout’ For this the constants 1) and 


t have to be small for their part. It follows directly from Eqs. (4.44) and (4.45) 


‘that to obtain small time constants, the instrument has to be made in such 4 way 


\ 

thet the moment of inertia J and the specific damping moment Ky» M are as small 
od 

as possible, and the rigidity of the torsion rod k is as large as possible. An 

\ 

‘4{deal instrument would have J = O; we could then take it that K ; M.” Oo. It is 
A 


impossible, hovever, to make an instrument with J = 0, and if J #0, it 1s also 


4mpossible for K 3» M. * 0. Moreover, the design itself of the floating gyroscope 
=d 
conditions the presence and necessity of damping, i.e. 5 » Mg f O. From this it 


t° 


a=b 
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is clear why in the floating differentiating gyroscope the damping ix 5 , vs) 


should be less than in the floating integrating gyroscope. 
In the ideal case, that is, when Ty = qT = O, the transfer function and the 
frequency characteristic of the floating differentiating gyroscope, as is clear 


from (4.20), (4.21), (4.22), and (4.44), would be equal to 
W (P= UN > Kou o- 


Let us determine the values of Ty and qT for the floating differentiating 
@yroscope with elastic torsion rod Type 10" No. 55. Let us take the calculated 
values from Tables 4 and 5 (Chapter II, Section 2): 


J= 0.035 e6-cm-00d Ky iy sxh= 494 gl-em rat, 
a 


Ks. Mgnt af-cm 200 


| [*ym, | [49 a 
w= 22fa= 7 = 0.038719 rad sec , (4.46) 
Qe 


ae pe. 


From Formula (4.6) 





From Formula (4:7) 


Ky ae 5.1 


"2p n. Wy 0s. O87 (4.47) 


Applying Formulas (4.44) and (4.45), we obtain 





1 1 
ae ia eec, (4.48) 
f= = = 20 0.0104 nec (& 49) 


wg 
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Section 5: Equation for Floating Differentiating 
Gyroscope With Feedback Circuit 


Figure 4.3 1s a simplified block diagram of a floating differentiating 
gyroscope with feedback circuit. The instrument consists of a floating integrat- 
ing gyroscope 1 and an amplifier 2. The output voltage J... produced by the 
microsyn-pickoff of the integrating gyroscope is fed into the amplifier input 2. 
The amplifier output current I, is passed through the feedback channel to the con- 
trol winding of the icky arate of the integrating gyroscope. A detailed 
diagram of the parts of the instrument is given in Fig. 4.4. The diagram is 
Similar in layout and symbols used to that of Fig. 4.2. 


The output current from the amplifier is 
e 
(4.50) 


Haku wn 1U en: | 


aca 
v 


. 


‘where Ky; 1° 1s the amplifier amplification factor in amp/volt. 


-out, =a 
Replacing the voltage U,, in Eq. (4.50) by the ‘malue for it obtained by 
/Eq- (3.13), we get 


T= Ku oa Fi (Kou wi P + )- (4.51) 


From this it is clear that the current I, is- in direct proportion to the angle 


‘with an accuracy continuing up to the value Ky r 4» which in a normally 
: out, “a 


‘working instrument is small because of the smallness of the voltage 4. As has 
been said, the current I, is passed along the feedback channel to the control 
winding of the microsyn-torquer. Under its influence the microsyn-torquer imposes 


a@ moment on the floating gyroassembly vhich on the basis of Formula (3.10) will be 


es 
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My eK foe Kieu, Ne ons. 1, (Ab. u on8 + 8). (4.52) 


From this, disregariing the voltage A, we obtain 
My Kin, Ko ways Koval (4-53) 
Thus, the moment created by the microsyn-torquer under the influence of the 
current I, will be directly proportional to the angle @ and directed in such a 
way as 5 seduine that angle to zero, {.e. to return the floating gyroassembly to 
its initial position. In other words, this moment is in nature exactly the sare 
as the elastic moment created in the previous version of the floating differenti- 
ating gyroscope by the elastic torsion rod (or by a spring or springs). In this 
version of the instrument this moment is created purely by electrical means, with- 
out the use of any elastic mechanical parts. 
It should be pointed out that this instrument should work better than the 
previous one since both its gyroassembly supports are rigid, whereas in the torsion 


rod gyroscope one of the supports -- “he one constituted by the rod -- is elastic. 


' "2 


! 





Fig. 4.3. Simplified diagram of parts of floating 
differentiating gyroscope with feedback circuit. 


1) Floating differentiating gyroscope; 2) amplifier. 


; Besides the current I, » the control winding, in the general case, may receive 
/@nother current Ion’ for example, to compensate for the interference moment. In 


the general case the current received by the control winding of the corrector is 


F-T8-9910/v 207 


Too weewmewe amen a. seme me Ore me 8k owe ~~ tReet em mee meee te. le, 


dee 


*YpNdIFO Youqpsas qyTA sdoosorkD SupzuTyustajZstp Furywoly Jo WerBvip HtG “yy “Ft 





' 
i 
i 
i ca 
i 
a © 
qe ee ee 
: ee ed 
| i oe ae ee 
. ote 2 i, ae 
BP Py ep 
r ——— 
ee eg 
ee ee de 
| pine als eg ile lal 
See 
— F eS LL: 
=i 
be ee a a ee el ee eee ee 
a ee 


F-18-9910/V 


coa wut’ 


rf sl tlio Ki 1U, tl, . (4.54) 


Both the vultage Yout and the current I, can be taken as the output signal 
proportional to the angular velocity w. It is preferuble, however, to take *he 
current I. 

es 

let us formulate the equation for the floating differentiating myroscope with 
feedback. To do so, we have to replace the current I. in Eq. (3.24) by the 
current Th determined by Eq. (4.54). Next, transposing the term containing 
Usut? which is the "elastic moment," to the left-hand side of the equation, we 


obtain the desired equation in the following form 





TU +. + Ki eC wf + *s Jew 





: Kou out 
Oy lie ; ae (4.55) 
-(! - Ko, tiki. Rr st. lux K,, Bush — 


r= Ka, our, | + a. 


The first term on the right-hand side of Eq. (4.55) should be multiplied by 
the term in brackets 


= sinf), 





(cose — 


which in deriving the equation for the floating integrating gyroscope was taken as 
equal to unity assuming angle A is small. The reason for this is that the 
floating differentiating gyroscope operates at angles A which, though small, are 
finite, whereas the floating integrating gyroscope operates at angles B close to 
zero. Dividing Eq. (4.55) by the time constant T and introducing parameters 
similar to those introduced ear’ier for the floating differentiating gyroscope with 


torsion rod, we obtain 
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U. + 2,4 214 —tU.= 
$Y vet . 
fie gta nfon-eaa le 88) 
6 out 


—8K,,, Vouleor Kye. —wKw, Cour, + 2beghi- 


a 


The constant coefficients in this equation are determined by the following 





equalities moo 
Kuru. 1 Atcon @ut Ky. 4, a 
eV ae TK. Mm, (4.57) 
or 


‘4s the angular frequency of the free undamped oscillations of the floating gyro- 


assembly. The second variation of Eq- (4.57) 1s obtained by using Formulas (3.26) 








’ 
4 ; and (3.20). 
Kym, = Key Ke ou taken verter (4.59) 
‘4s the amplification factor equivalent to the rigidity c2 the torsion rod &, or, 
-whet amounts to the same thing, the amplification factor ty mM’ 
Oe ; 
Expressions (4.58) and (4.59) are obtained by successive substitution of 
‘Eqs. (3.26), (3.18), and (3.20) into Formula (4.57). 
: pH yf 7 Aine he (4-60) . 
rs a re =a, 2V IMM, 
4s the damping ratio of the floating gyroassembly- 
(4.61) 
Ke = Kev on aon H# vel 5 
UY on Tw! Krom Kut, rad eee 
t~ . 
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( 


The second expression for the given amplification factor is obtained by the suc- 


cessive application of Eqs. (3.25), (4-57), (3-19), (3-26), and (3.20). This 


factor describes the sensitivity of the floating differentiating gyroscope with 


feedback with respect to the input angular velocity «. 


KY w= Kteod ot, —1 voltJamp 


TMT, Ku 4, 


out, 


The second expression for the amplification factor Bl eon U 
a 


means of Eq. (4.57) 





=ou 


( 


4.62) 


‘ is obtained by 


K, ’ we Kaw owt t a Kp trust velt 
mee TS; Ket Aw eo Re Pe 
vul, 4 coat aM, . 


(4 .63) 


The second expression for X U is obtained by the successive application of 


“i, -out 


‘eqs. (3.28), (4-57), (3-23), and (3-20), and the third expression by substituting 


Eq. (4.59) into the second expression. 


Reducing Eq. (4.56) to a form similar to Eq. (4.15), we arrive at the final 


‘form of the equation for the floating differentiating gyroscope with feedback for 


t 


t 
' 


the case when the output voltage U of the microsyn-pickoff serves as the output 


-out 


|value ef the instrument: 


‘where 





Kaus. 


U,,, 4200, +4(1 + “ ) Y= teow (14+ 


& 


Kp. Vere 





x{(co 8 sin p}— hy ela ket —ha, 1] + 2by, 4). 


x, 
lan Mt 
fe = Sp 


Se Bom ay recs Rare 


cad 6 
-em 


) x 


These three amplification factors are exactly equal to the corresponding 


(4.64) 


factors (4.16), (4.17), and (4.18) of the floating differentiesting gyroscope with 


torsion rod, and to those of the floating integrating gyroscope (3-32), (3.33), 
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IE 


‘state is determined by the amplification factor K 


and (3.34). Equation (4.64) is similar to Eq. (4.15) except thst on the right- 

hand side there is no term proportional to a, as there is in Eq. (4.15) for the 
floating differentiating gyroscope with torsion rod. This shows that the voltage 
4 affects the operation of the differentiating gyroscopes under consideration in 
different ways. The absence of the derivative 4 tt in the right-hand side of Eq. 
(4.64) 18 explained by the fact that when deriving the equation for the integrat- 
ing gyroscope we ignored the product Ta /', [see the derivation of Eq. (3.2h)7. 


The dependence of the voltage Ue on the angular velocity w in the steady 


t 


K However, as can be 
# Your 


seen from Equality (4.61), this factor depends on the amplifier parameters, spe- 


ctfically on the amplifier amplification factor K; 1° This dependence cen be 
=out, 2 


eliminated if the output current I, of the amplifier, determined by Eq. (4.50), is 


taken as the output signal instead of the voltage U,.;- Taking this current as 
the output value of the floating differentiating gyroscope with feedback, we re- 
Black the voltage Voge in Eq. (4.64) by the vaiue of it determined from Eq. (4.50), 
‘ns a result of which we ovtain the equation for the floating differentiating 

| @yroscope with feedback for the case when the amplifier output current I. acts as 


the output value: 


; s 4, s _ be 
+ td + 4(1 +52) f= BK, it s +) - 





uv @ut Lu tml 
° o 4.6 
x (co: p == sin p)- — hl Bet hee, “ti + (4-65) 
! +264 Ku, 1,8): 
“where . 
= Hw so _ (4.66) 
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This amplification factor represents the sensitivity of the floating differ- 
entiating gyroscope with feedback with respect to the angular velocity # for the 
case when the amplifier output current I, serves as the output value. It is clear 
from Fq. (4.66) that this factor only depeuae on the angular momentum H of the 


Gyroscope and on the amplification factor of the corrector Ky mM. and does not 
“con, -t 


depend in the least on the parameters of the other parts of the instrument, in 


particular, the amplifier. It should be pointed out, as can be seen from Eqs. 


(3.32) and (4.66), that 





Thus, by taking I, rather than Ue as the output value, we obtain a differentiat- 
ing gyroscope whose sensitivity with respect to the angular velocity » does not 


depend on the amplifier parameters. 


t 


It ie immediately clear from Eq. (4.65) that the influence of 4 t 18 


directly proportional to the magnitude of the amplifier amplification factor 


“Your, T° 


It should be pointed out that Eqs. (4.50) and (4.54) only apply to the 


steady-state operation of the amplifier, although in practice this state does not 
always occur. Equations (4.64) and (4.65) for floating differentiating gyroscopes 
with feedback circuit can be expressed in the form of Eq. (4.43), but since this 

does not provide us with anything new, we will merely find the expression for the 
time constants T 


=0 
As in the case of the floating differentiating torsion-rod @yroscopes, they will be 


and qt for floating differentiating gyroscopes with feedback. 


determined by the first expression in Formulas (4.44) and (4.45), 1.e. 


I 
ha T= 2 = 207, 
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Substituting Eqs. (4.58) and (4.60) into these expressions, we have 
! faa 
d ° 
VY a Meme sec. (& 67) 


and 





K 
T =a om (1s 68) 


ou 


Section 6. Transfer Functions and Frequency Characteristics 
of Floating Differentiating Gyroscopes With Feedback 


Let us first consider the floating differentiating gyroscope with feedback 


in which the output voltage Ue of the microsyn-pickoff serves as the output 


= value. Using the differential symbols 
Fi a ‘ a 
aoa=— Pp =z 
ae ae 


and assuming that a's" ae = 0, we will rewrite Eq- (4.64) as an operator: 


\ 


| (p+ 2p +4)U = 


= kev, [(cosp— “8 sin) ty eau hy, oT hw aM. 


When the equation has been divided by Pp + 2b Vop + Vo 4t can be represented in 
the form: 


UA = Wag (p) [fcos “s. sinp)o— hi olan 


(4.69) 
—hk, enka, ||. 


¢* 


ae 
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ek then = ewe eee WY 


where Wa.g.(P) is the transfer function of the differentiating gyroscope unier 


consideration, determined, as before, by Eq. (4.20). Now, however, the values 


v 05° and . j Mees in the expression for Wag. (P) have to be taken from Formulis 


(4.57) or (4.58), (4.60), and (4.61). 

Equation (4.69) fully coincides with the corresponding Eq. (4.19) for the 
floating differentiating gyroscope with a torsion rod. 

In actual conditions, as in the case of the torsion rod gyroscope, a certain 
small, and tn the general case, variable, voltage of an indeterminate nature due to 
reasons considered earlier will be algebraically added to the voltage Vout deter- 
mined by Eq. (4.69). 

The frequency characteristic of this instrument and also its amplitude- 
frequency and phase-frequency characteristics, as in the differentiating gyroscope 
with a torsion rod, are determined by Formulas (4.21), (4.23), (4-23), (4.24), 


(4.25), and (4.26). In the case given, however, the values K uv ,’o, and b 
Sor Dud OF = 


in them should be taken from Formulas (4.61) and (4.57) or (4.58) and (4.60). 
Now let us consider the differentiating gyroscope with feedback in which the 
output current I, of the amplifier serves as the output value. Assuming that in 


Eq. (4.65) a'gz 4', © 0, and using the differential symbols 


- 
t 
I 


a! pe & 
pata, 


we can revrite this equation as an operator: 
(p?+ 2d-ap + V3) 1, = 2K, 1,{(coss — as sin $)o— ; 


—hy ol. kh; tba, ™.] ‘ 


2 
Dividing it by Pp + ee oP + vo , we obtain 
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1,=W,,,(p)[(cosp—“ sing)e— ey oh ck, ike, At], (4.70) 


where 


wad 4.71 
Wie Pept ( 71) 


is the transfer function of the floating differentiating gyroscope with feedback 
in which the output current I, of the amplifier serves as the output value. The 


values Ker? % andb in (4.71) should be taken from Formulas (4.66) and 
; = 
-4 


(4.57) or (4.58) and (4.60). If a's and a do not equal zero, a small inde- 


terminate current caused by these derivatives from the voltage a will be added 


algebraically to the current I, determined by Eq. (4.70). 


The transfer function (4.71) coincides exactly in form with the transfer 
function (4.20) for the floating differentiating torsicn-rod gyroscope and the 
feedback gyroscope in which the voltage Oke serves as the output value. Hence, 
if we leave aside the slight effect of the voltage A and its derivatives, which 
are impossible to take into account theoretically, we find that all three types of 
floating differentiating gyroscope considered have the same dynamic properties. 

To obtain the frequency characteristic and also the amplitude-frequency and 
the phase-frequency characteristics of the floating gyroscope with feedback in 
which the output current I, Of the amplifier is taken as the output value, we 


should apply Formilas (4.21), (4.22), (4.23), (4.24), (4.25), and (4.26), substi- 


=a “er U 


tuting K eo, I. fork into thea, and taking b and »9 from Formulas (4.60) 
o “out 


and (4.57) or (4.58). 
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Section LL Steady-State Operation of a Differer:tiating Gyrosecpe 


With Feedback 


Let us consider that the output current I, of the amplifier is taken as the 
instrument's output value. We will take the steady state to mean the operating 


conditions of the instrument under which Te = Ie =O with the control current Din 


of the microsyn-torquer and the angular acceleration }¥ of the instrument housing 


equal to zero at the same time. In setting the condition Zeon = 0 we do not in 
any way count out the use of the micros;n-torquer to campensate the systematic 
component of the moment M,. Given this compensation, Icon 18 taken to mean the 


value of the control current over and above the value necessary for the sai2 com- 


pensation. 
Thus, assuming I, = Ip = Icon = ¥ 20 in Eq. (4.65), we obtain the following 


equation for the steady state of operation of the floating differentiating gyro- 
scope with feedback in which the output current Ta of the amplifier serves as the 
output value: 

Im K,, 1,[(cosp— “sin #) e— tw At] + 


WKy ¢ . 


a a (4.72) 





Kp, Yous 


Let us first assume that M, = a, = “zo = 0. Then there 1s a corresponding value 
of the current Iq for each constant value of the angular velocity # in the steady 
state. If wo Zo =O when 44 = 0, but is constant, and M, 7 0, but does not de- 
pend on time, then the steady-state value of Iq will not only depend on « y dut 
also on « Zo and My. 

Let us now consider what happens if a t # O and is a function of time. For 


this purpose let us first take a look at the physical side of the operation of the 


4 = ie ia dee mee 
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instrument when tes = My = @ 2:0. When there is an angular velocity w, @ @TO- 
scopic moment E,, cos § 4s crented which causes the gyroassembly to deviate from 
the position § = 0, which it occupies when # = 0. Let us assume that the pos- 
stble values of the angle 6 are such that we can take cos 6 #41 with a high 
degree of accuracy, and, consequently, that the gyroscopic moment is Fy and does 
not depend on the angle 6. ; 

At the output of the microsyn-pickoff there is created a voltage Uoy+ which, 
reaching the input of the amplifier, causes a current I at its output. The sec- 
ondary winding of the microsyn-torquer is connected to the amplifier output. 


Given a current Ia? the microsyn-torquer will impose a counteracting eyroscopic 


, moment YT on? Myla on the floating gyroassembly. When the torquer moment becomes 


_ equal to the gyroscopic moment, i.e. when 


Icon, M.te = Hy» (4.73) 


‘ the floating gyroassembly will enter a state of equilibrium, in which the current 


EH 
| I, = = 6 = Ky, 1 (7h) 
=lcon? Me $ 
Thus, the rotation of the floating gyroassembly continues until the current 


I, acquires the value necessary for the creation of a moment by the microsyn- 
torquer equal and opposite to the gyroscopic moment. Since neither of these mo- 

| ments depends on the angles § , the current I, will not do so either, but will be 
determined by the input angular velocity » alone. For example, if in a state of 
equilibrium with » = constant the voltage Uout for any reason changes, this will 
first and foremost cause a change in the current Ie, and, consequently, a disturb- 


‘ ance of Eq. (4.73) of the moments. Since the gyroscopic moment remains unchanged, 


we eee ee 
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the equality of the moments may only be restored by returning I, to ite previous 
value. The current Ia is a single-valued function of the voltage Uji: which is 
in turn a function of the angle $. Hence to restore the disturbed equality of 
the moments, the floating gyroassembly has to turn to a new position in which the 
voltage Vout and the current I, assume the old values at which Eq. (4.73) is satis- 
fied. It is quite clear that the design of the instrument ensures that Eq. (4.73) 
4s automatically restored when disturbed through a charge in Vout. Thus, any 
possible changes in the voltage Ler lead in the long run to the floating gyro- 
assembly occupying a new equilibrium position in which the current I, and the 
voltage U,,4 assume their old values. 

Let us determine the value of the angle g in the equilibrium position. 


Solving Eq. (4.51) with respect to §, we obtain 


I—Ky,,, 1,4 


p= 


(4.75) 


out oot fa! 


_ ‘The value of the current I, in the equilibrium position is determined by Eq. 
(4.74). Substituting it in (4.75), we obtain the value of the angle g in the 
equilibrium position: 


Kare — Koo i 


= Kou, KU (4.76) 


It follows directly from this that with the variation in 4 and S outs Ia? ff 
will also vary, but the variation in the latter does not affect the steady-state 
value of Ia, which remains unchanged. 
Thus, the possible nonlinearity of the microsyn-pickoff, i.e. the absence of 
. @irect proportionality between the voltage U,,¢ and the angle 6, has no effect 


' whatsoever on the dependence of the output signal -- the current Ze -- on the 


_?-18-9910/V 219 


{input angular velocity w. This also explai:s the fact that the voltage @ is not 
directly a part of Eqs. (4.64) and (4.65), and, accordingly, Faq. (4.72). The fact 
that the voltage 4 is not directly a part of Eq. (4.15) for the differentiating 
gyroscope with a torsion rod (or some other mechanical spring) can be explained 
by the following: in this ‘netrument the moment counteracting the gyroscopic 
moment is created by a torsion rod and, consequently. is 4 single-valued function 
of the angle 6 cf its twist. Hence in the steady state where is one definite 
value of the angle 6 for each value of # = const. The voltage Vout. serves 8s 
the output signal; this voltage is obtained at the given value of angle @ and 
has, as pointed out (see 3.13), an indeterminate component A. Thus, the differ- 
ence is that in the torsion-rod gyroscope the output signal is the voltage Vout 
| obtained at an equilibrated value of angle § and not directly dependent one, 
_ while in the feedback gyroscope the output signal Ugur or z. is direczly deter- 
mined by the value of the gyroscopic moment, i.e. the pietiae velocity #. We can 
| pow answer the question, posed earlier, as to what happens if a' t # O; in other 
words we can ascertain the physical meaning of the last term in the right-hand 
side of Eq. (4.72). To make the argument simpler, let us assume that © * My = 0, 
a't = const, and that when t £O the angle § = 0. In this case the amplifier 
input begins to receive a voltage which varies at a constant rate. A current 
| @ I, will therefore begin to flow through the control winding and the torquer will 
| {mpose a moment Bias » My Ata on the floating gyroassembly. The gyroassembly will 
begin to rotate with velocity 6 and will do co ina direction tending to reduce 
the voltage reaching the amplifier input. As a result there will be established 
a regime under which the gyroassembly will rotate with a velocity 6 = const such 


that (see (3.14) & 


Da Ko. 0 gat MPT b,=0, 


_ F-TS-9910/V 220 


and the moment of the torquer will be balanced by the damping mament, i.e. 


Ki al + Ko, a B=0. 


Excluding @ from these equations, we obtain 





al XX}, a be ea Kye, Ja a. 
Krom t py... +) s() + oe ) 
out 


This is in fact the current determined by the last term on the right-hand side of 


Eq. (4.72). Consequently, the condition 4', = const leads to the appearance of 


the current A I, = const. The error produced in the instrumen‘, by this current 


will be = aI,(K J, 1, 


Much more likely is ary Z constant. If are varies according to a periodic law, 


). A case in which a', ™ const is highly improbable. 


the current I will vary correspondingly. 

Strictly speaking, if a. # const, te and 1, cannot equal zero, and Eq. (4.72) 
‘eannot therefore be satisfied. Thus, & = const does not influence Ta, and does 
‘not therefore cause any error. But if 4 is a function of time, it causes an 
‘error -- the greater the instantaneous values of a, the larger the error will be. 
The aim should therefore be to make «! t a2 0, i.e. the voltage 4 should not depend 

on time. We will assume from now on that this is the case. 

Up to the present we have assumed that the angle § has been small enough to 
‘enable us to consider cos 6 = 1. But in actual fact cos § i and the gyroscopic 
moment is therefore a function of @. We will shew that in this case the current 
I, Will depend on the voltage a. We should point out in passing that this de- 
pendence cannot be seen directly from Eq. (4.72) since the angle 6 is not ex- 


pressed in it through the voltage. 
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is 


a> 
a* 


In the equilibrium position the torquer moment equals the gyroscupic moment, 


1.@. 
Kis : 1,=Hecosp 


1, =Ke,1,0¢0s9. (4.77) 


The dependence of the current I, and the angle g is given, as before, by Eq. 
(4.75). Substituting the value of g determined by this equality into (4.77), we 
obtain 

nm oad) 


tyke eat) crt) 


The current I, will ve the root of this transcendental equation. It is quite clear 


that it will depend on a. If in practice the current I, 18 not to be dependent 


on a, the instrument must operate at small g angles at which for practical pur- 


poses cos§= 1. In order for this to be the case, as is clear from Eq. (4.78), the 


factor K 


Sey Usist (the sensitivity of the microsyn-pickoff) must in turn be large 


' enough and the current I, and the amplification factor Ko Oe Te emall enough for 
-s u 


the cosine of the fraction in brackets equal to the angle é to equal unity, for 


practical purposes. When this condition is met, Eq. (4.78) becomes (4.74), 1.¢€. 


_ the current I, ceases to be dependent on the angle g , and, therefore, «lec on the 


voltage 4. 
A direct influence on the nature of the dependence of the output signal on 


. the input angular velocity is exerted ina differentiating gyroscope with feedback 


by the microsyn-torquer characteristic, i.e. by the nature of the dependence of 
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the moment created by it on the current Ln (when the instrument is cperating 


this is the amplifier output current a) fed to the control winding. If this de- 


pendence is not proportional, the dependence of the output signal (the current I. 


or the voltage Vout) on the input angular velocity # will not be proportional 


either. Thus the strictest possible fulfilment of the condition Se 4” const 
on? = 


is essential. And so the differentiating gyroscope with a feedback circuit has to 
operate at angles @ for which cos § #1. In this instrument serious attention 


has to be given to the microsyn-torquer to ensure that K Me = const. In the 


Leon? 
‘microsyn-pickoff the voltage A should not depend on time. It is better, of course, 


if it equals zero. 
e 
It is clear from (4.72) that whe: cos § a1 and %z, = Ms = 4,50 


Ia =K., Zz,“ 


‘Lee in this case the dependence of I, on » in the steady state is fully determine 
' rn e ss 

‘by the factor Ky, 7 + But when cos ¢ #1, “2, #0, M, #0 and at 40, then, 
as is clear from Eq. (4.72), in the steady state (in the term containing at we 


assume 





, ‘ 
| Keuse=l, and — wy ) 
| a a = 
. Ku te TA 
| 

! = ate, 
| where ’ 

* My 264 

Kar=K 1, cos p——* inf — hap ++ — : 

wolhont (1+ ) 
Xoo, 


Thus, in the given case the dependence of In on w» is determined not by the 


| factor K wo > 1.2 but by the values of the factor KL , I.» the numerical values 
“e,tl, = =a 


of which cannot be determined theoretically since Mi» 


| minate values. It can only be determined experimentally, for which purpose we 


a's » and a. are indeter- 


hoe oa a a a - 
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as 


I 


, which we shall denote (*) . Obviously, this 
exp exp 


ratio will be equal to the factor K' . 
-W, Ip 


will be taken as the experinental values of Kw 


I, exp 
have to determine the ratio ar 





The values of K' derived this way 


? Is 


1 which eiieese us of the need 
7 =8 


to introduce another factor into the discussion, and enables us to study and take 
into account experimentally the possible deviations of the factor Ky I from its 
W,ila 
nominal value determined by Eq. (4.66), which also occur when cos ff 2 1 and 
w, =A; ' = 0. 
ly =a 
Thus, by taking the ratios |— as the experimental values of the factor 
exp 





K ané giving them the subscript "exp," we obtain for the case in which 
-ws Vout 
none of the terms of Eq. (4.72) can be disregarded 

Ce =) - 

”, 264, 
= Kos, cosp——sinf— ka,» + e . (4.79) 
linge) 
6,u 


out 


To evaluate the deviation of this factor from any value 
(Kat). o tete(4) | 4.80 
‘ea We ry cal as ) 


taken as a calibration value, we have to introduce the relative dimensionless 


amplification factor in accordance with Formla (3.56) 


(Kap) a Eatdese (4.81) 


a exare) (Ke) cai 


The value (K should be determined under conditions where the angle @ is 


w, I 
: . Seal 
go small that we can assume cos Az and sin f wO and where 


a. 


<1, 
Mola 


“= 0, [au AS oe 
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, } 
| i.e. where the influence of angle § , the moments My and the derivative at 
| 
\ 


' are insignificantly small. In this case, es is clear from Eq. (4.79), the value 


I ) will be practically the same as the theoretical value of Ke I 

ar , = 
= cal | 

determined by Formula (4.66). However, since KS 


of (Kk 


I cannot remain constant at 
a sa 
) we have to choose a value of 
wor 1 
“8 cal 


large values of w (of current I,)> as (K 


- ‘ 
the factor corresponding to the working range of the instrument, i.e. the range 
in which the current Ze exp is for practical purposes directly proportional to 


the angular velocity w exp’ | | 


\ 
If these conditions are met, on the basis of Formula (4.66) we can assume 


Hea (4.82) 


{ 
(Ka, 1) Aqua, eat | 
| 
| 


We will show that values of the factor (Kos 1) fall into three 
“s exp.rel 
characteristic regions similar to those for the factor (ky ~) (we will 
a 
<= exp.rel 
recall that K I = —_1_) considered in Chapter II, Section 5. 
©? ce kK 
es “=con? 
In order to cover all feasible values of the factor K 


I in Expression 
=a 


@, 
(4.79), we will mark the factor and the ues used to express it with the sub- 


script "cur" (current value}. Then, ase prdine to (4.66) 


Kos = (Ke.1,) Meer __ (4.83) 


‘ TK mew 
Substituting (4.83) into (4.79) and thn) (4.18) and (4.82) into (4.81), we obtain — 


wee Howe Keone seo! | 





rota THK at Yow (4,84)! 

. { 

x cosp—S sin P— hue, + aay ; ! 
Wou(t4 Tae) 


_ 
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aif: “ 
t 
It is clear from this thet at small angles § , for which cos 3 2/1 and sin §} #0, 


— 


* the three following characteristic regions of (Ko t ) values may occur, 
=e, 1 
= exp.rel 
in a similar way to the regions for the factor (ky na 2 
= , 
od exp.rel ' 
1. Working region. Here | 
x i 
Heer _ ( Sen reat i 1, (4.85) 
Heat (Kp, a, hur | 
au 20d, 
hu o—| «1,,——+—| «1, | 
“ - 'mes by (4.86) 
wW oes I+” -) | 
BY ee Ves \ 
| | 
| 
and, consequently, (Kas, ew. ils 
t 
Sf by virtue of which the current I, will proportional to the angular velocity wo. 
a = | 


2. Region in which the influence of the indeterminate (random) interference 





is considerable. This region is characterized by the fact that when the condi- 
° tions (4.85) are met, only one (or neither) inequality (4.86) is satisfied. Hence 


in this region 


aM, 
(Ka ta)ore rei tl — Ra, e— +———_—————_- » 
* wl, (+) 
Out Kyu, 
} and, consequently, is a variable of a 1 mature due to the random nature of 
M, and ate This region occurs at values of w» when the gyroscopic moment 


| 
| 
2bd, | 
| 
| 
| 


| 


is commensurate with the moment M,. The boundary of this region determines the 


minimum angular velocity which the en can measure. 


we 
=> 


a 
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3. Region in which the amplification factor of the micros;nm-torquer ‘s 





; vVartable (region of saturation of the microsyn-corrector). In this region the 
| 


inequalities (4.°%) are satisfied and 


| 


| 


Meer 
Hea el 
However (Kg. ate deat a: 
(Ki, ate Yeor 
Therefore ' 
° (Ka, 1,)es0 jae erat, Deas Jes 
(& kon iz Jeur 


cause saturation of the magnetic circuit of the microsyn-torquer. 








| 
| 
| 
| 
| 
! 
t 
| | 
| | 
| 
and is therefore a variable. This region occurs at large values of a which | 


wm ° 
[au = | < cosh me 7 « cos fi 
am 4 
en (He ) 
6u,, @an 
and the conditions (4.85) are satisfied, but the term - =o sin § cannot be 


ignored when compared with ccs g , and Le 6 wl siigk be assumed, then 





(Keg )eoncer™ " == cos 


| 

(4.84) will take the fcrm | 
“*sinp. (wen) 

| 


Thia value of (Ky ) fully coincides with the value (Koy) £n). 


? 
! “2 exp.rel “out exp.rel 


the torsion-rod differentiating gyroscope obtained under similar conditions [see 


(4.39) 1]. 
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a4 
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Section 8. Comparison of the Two Types of Differentiating Gyroscope 


Let us determine the frequency of the natural undamped oscillation fo? the 
damping ratio b and the time constants Ty and Ty for the floating differentiating 
gyroscope with feedback containing the floating integrating gyroscope, Type 104 
No. 79 developed by the Massachusetts Institute of Technology. For convenience 
in comparing the values obtained with those uf the floating differentiating gyro- 
scope with torsion rod, Type 10% No. 55, let us assume that the amplification 


factor Ky I is chosen in such a way that the factor K {see Formule 


=out=a 
(4.59) ] equals the calculated value of the torsion rod rigidity k. Thus we take 


GO» Me 


it that 


K yom, TEE 9M etpcn/rad (4,88) 


Let us first determine the values enumerated above from calculated datu for 


the integrating gyroscope, and then from the values as measured, 


1) Fram Table 1 (Chapter II, Section 1) we have the following values for the 


integrating gyroscope parameters: 
J = 0.036 gf-cm-sec®, 
_ = e RY ° - e 
Sy 20.39 % 20.4 gf-cmesec 


From Formula (4.58) 





} / Kk 
= “* -\/ agli fad see 


17 


’ Consequently, Som ma N87 cee 
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From Formula (4.60) : 
Bec 6. me 90.4 =245 


Pee ee 
Qixq—«2-0,086-117 





Applying Eqs. (4.67) and (4.68), we find 





1 - ls 
To 7) "a7 0.0086 sec, 


T 2voT, 2-2.45-0.0086 = 0.0421 sec. 


=) = ©a=0 
The calculated values of the frequency fo and the time constant TM coincide 
for practical purposes with those of the differentiating gyroscope with torsion 
rod, which are 19 cps and 0.008); sec respectively. The slight discrepancy is 
explained by the difference in the moments of inertia J of the floating gyrcassem- 
blies in the instruments. The calculated values of the damping ratio > and time 
constant T, are approximately four times greater than those of the Ser RECALLS RIDE 
Gyroscope with torsion rod. This ts due to the fact that in the integrating gyro- 


ecope the specific damping moment Ks aM is more than four times greater than 


in the differentiating gyroscope with torsion rod. 
2) From Tables 1 and 2 (Chapter II, Section 1) we have the following actual 


values of the integrating gyroscope parameters: 


K = 22.12 22.1 gf-cm-sec (computed value) 


eee 


Tf = 0.0077 sec, 


‘ Applying Formula (4.57), we find 


Vg== we —_™ ___9,92 rad/eee, 


bmg 0.0027-22.1 





TR ges me ed ean Teen Eu OE Te ee eee eee eee 8 ee es oe ne eee, 


r 


@e 


Correspondingly 


Naa add oo (4.89) 


From Formule (4.60) 


Ui es 
=3,7 20.02 2: (4.90) 


From Formulas (4.67) and (4.68) 


1 ot 
Tom gg TOON sae 


T,= 257, = 2-2.03-0.011 = 0.0447 ++ 


Comparing the actual values of fo» b and To T) with their calculated values 


we see that the actual values of f, and b are smaller than the calculated values 
while the true values of T and qT are somewhat greater than the calculated values. 


This is mainly due to the fact that the actual value of the time constant T is 


’ greater than its theoretical value. 


Thus, if an ordinary floating integrating gyroscope is converted into a 
floating differentiating gyroscope with feedback, the result is an instrument 


which has too great a damping ratio b and, correspondingly, too large a time con- 


' stant T)- Fram Formulas (4.60), (4.59), and (4.68) it is clear that these values 


ean be reduced either by increasing the amplifier amplification factor Ky I 
-Out!? ca 


or by reducing the specific damping moment K. mM,” OF by both methods together. 
“gp My 


§ 
The following point, however, should be kept in mind. When the amplification 


factor of the amplifier is increased and the time constants = 


the same time, there is an increase in the factor Sai wy. (see Eq. 4.59) equiva~ 
; =t 


and T) reduced at 


lent to the rigidity of the torsion rod k. The factor Sy mw. increases as many 
=t 


times as the amplifier amplification factor. But one should not think of increas- 


ing the amplifier amplification factor alone since this would also lead to an 


ee 
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increase in the current fed by the empietiex to the microsyn-torquer, and this in 


turn could lead to saturation of the torquer core even at comparatively sma:] in- 


put angular velocities ~ . In order to reduce the damping ratio b (2.03) fn the 


scope (0.617), the amplification: factor of the amplifier K, y has to te in- 
out? =a 


creased 10.8 times. In the process the time constant T, will decrease 10.8 times. 


| 
t 
| 
| 
| instrument under consideration to its cates: :Inted value in the torsion rod gyro- 


| 
If nothing in the design of the instrument is to be changed, the cpecific 


damping moment can only be reduced by decreasing the viscosity of the filler 


liquid. Tnis can either be done by valtne the working temperature of the liquid | 
or by using a less, viscous Heald. But filling the instrument with a less | 
viscous liquid will limit its use since it will be impossible t> use it as an | 
integrating gyroscope. The only instruments which can be filled with a less vis- 
cous liquid, therefore, are those ge alaiity intended for use as differentiating 
gyrcscopes with feedback. Consequently 1t may sometimes be more practical to 


raise the working temperature of the liquid. However, a considerable increase in 


-elency of the instrument at small engular velocities on account of an increase in 


the temperature in comparison with its calculated value will decrease the effi- | 

| 
| 

friction in the floating gyroassembly bearings. The latter fact is explained by | 

| 


| 
a reduction, accompanying the temperature increase, in the buoyancy of the liquid | 


as compared with its calculated value, w dees for practical purposes is equal to 


| 


the weight of the gyroassembly. 


Tests carried out at the amas Institute of Technology on a gyroscope 








intended for use in an automatic ptlot ha shown that ar increase in the tempere- 
ature of the liquid of approximately 9° C will not decrease its efficiency 

and will not to any significant degree affect the characteristics of the instrue- 
ment of importance in its operation as an automatic pilot (the drift increases by 
0.05 mrad/sec). 


t 
\ 
From Formula (4.60) it is clear that the damping ratio b is directly | 


et ea ree es eee Ae - 





proportional to the specific damping moment kK, M and inversely proportional to 
=p. 
the square root of ky u.” The time constant qT {8 in direct proportion to 
=e» = 


K. and in inverse proportion to K (see Formula (4.68) ]. Hence a 
-¢’ M, “g? M. 


variation in S5 9 i has an identical effect on both b and T); @ varia*ion in 


K M affects qT) more than b. 
-g? =t " ” 


The operation of both types of floating differentiating gyroscope considered 
is described by the identical second-order differential equations, (4.15) and 
(4.65). In both cases the increase in the input value is caused by an increase 


in the angle § of rotation of the floating gyroassembly with respect to the in- 


strument housing. Hence the influence of angle 6 on the operation of the float- 


_ ing differentiating gyroscope becomes noticeable and, in this connection, very 


important. The influence shows up, firstly, in the fact that instead of sensing 


_ the full value of the measured angular velocity # , the instrument only senses 


part of it, # cos g , and secondly, in the fact that it partially reacts to the 
angular velocity wo,» which it should not sense et all. 

The influence = angle § on the operation of both types of instrument is 
the same, a8 can be seen immediately from the expressions (4.39) and (4.87). 
Hence the quantitative aspect of this influence may be determined on the basis of 
either one. Let us do so for the floating differentiating gyroscope with torsion 
rod. In the steady state the output value Uj, 16 determined by Eq. (4.29). Let 


us assume that M, = 4 20; this equation then assures the form 


O,, = Ke, 004 (coep——> sin)s, _ (4.91) 


/ or, if we apply Eq. (4.39), 


Yon Kno. . (4.92) 


2 week cme Oe oe me ete ele eed Ome EN MOET FE ee a nee oe bene ene ete 7 + 


Let us denote the voltage U which would have been obtained if § sO as 


-out 
Vout os from (4.91) we obtain 


(Ou om Ke. u,,° (4.93) 


In evaluating the influence of the angle 9 and the angular velocity “2 on tr.e 


Vout? it is convenient to use the coefficient 2% and the concept, introduced 


earlier, of the relative error in the output value. According to Formula (3.58) 
the relative error in the voltage Uout resulting from the influence of angle 68 


and the angular velocity “zo is 


= 40 ene os Dor — (hada = U,., ee (4.94) 
wre Ct De Tur | Garde 
Substituting Eqs.(4.91) and (4.93) into this, we obtain 
4, 
ug = 008 P——* sin P—1. (4-95) 
"Fram Eq. (4.92) after substitution of Eq. (4.93) we find 
wo Tost 
(Woot o 
The right-hand side of the equality, as is clear from Expression (4.94) is 
l+e uo Thus, 
-out Onur 1 
Waar te (4.96) 
When w. 20 
” 2p 
aa, ap cos. (4.97) 
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The influence of angle # and the angular velocity #7 9 on the voltage Ue ue 
can be conveniently evaluated by means of the graph in Fig. 425. The broken line 
shows the dependence of *, on 6. The continuous lines show the relative error 


®y » Plotted from Forma (4.95) » for different values of the ratio of the 
-out oe 


zZ ez 
angular velocities © and with the condition —— Sin 6 30. Knowing the 





values of ¢ U it 18 easy to calculate the values of the factor ® from Formula 
-out ; 


(4.96). 
From the graph and Formulas (4.92) 
and (4.96) it is clear that the output 


oe 
me) 
hi Ss 
voltage Un ut» when = ing > O and 





other conditions are equal, decreases as 


the angle § and the ratio of the angular 
bad 4 
velocities = 





increases. 

@ The comparison of the two types of 
instrument considered enables ‘is to con= 
clude that the differentiating gyroscope 
with feedback has considerable advantages 
over the differentiating gyroscope with 
torsion rod (or any other mechanical 
spring). In view of the dependence of , 
the modulus of elasticity on temperature 


and mechanical hysteresis it is extremely 





aifficult to find a spring in which the 
rigidity remains constant with the re- 
quired degree of accurucy. The manuface 
ture of springs with strictly identical 


Fig. 4.5. Graph for evaluation of in-~ 


fluence of angle @ and angular velocity rigidity and slight hysteresi 
© z 0m output voltage Uy ,- nereee ght hysteresis involves 


great technological difficulties, This, 
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in its turn, makes it difficult +o manufacture differentiating gyroscopes with a 
mechanical spring which have strictly identical characteristics. It is in prace 
tice impossible to make the torsion rod in such a way that its rigidity can be 
altered by simple means, Any change in the rigidity k of the torsion rod is 
accompanied by a change in the factor Ke, Us determined by Eq. (4.28). None of 
the difficulties involved in the use of a torsion rod apply to the differentiating 
gyroscope with a feedback circuit. 

In the differentiating gyrencope with a torsion rod or any other kind of 
mechanical spring the value of the output signal voltage Vise is proportional to 
the angle § of deviation of the floating gyroassembly fram its initial position 
and this angle, if we leave aside the subsidiary factors, 1s proportional. to the 
input angular velocity ». If the parameters of the ‘nstrument when it is being 


. designed are so chosen that the angle 6 mae corresponding to the upper limit of 


the input angular velocity “ max 18 small, the instrument will have a low ampli- 

; fication factor Bc; Vout? Li.e., it will not be highly sensitive. On the other 
hand, if the chosen angle § max is large, then, as pointed out, instead of sensing 
| the full value of the angular velocity « , the instrument will only sense part 

of it, # cos § , and will react at the same time to the angular velocity 725 
; about the axis Zo perpendicular to the y input ard the x output axes of the in- 


| strument. ‘The angle 6 may can only be increased when the angular momentum of the 


gyroscope H is constant by decreasing the rigidity of the torsion rod k, which 

_ will be accompanied by an unwanted increase in the time constants To and T, [see 
Eq. (4.44) and (4.45) ] , 1.e. the dynamic properties of the instrument will be 

' poorer. All this leads to the frequent impossibility of producing a differenti- 

| ating gyroscope with torsion rod wiich fully meets all the specified requirements 

: of the system in which it is to work. In such cases a differentiating gyroscope 

| With feedback should be used. This instrument is very sensitive, i.e. it has a 


high amplification factor K » for what balances the gyroscopic moment is not 
a tap 


I 
-"s 
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the voltage U 4.e., the angle 6, which serves as the output signa’ propor- 


out? 
tional to the angular velocity uo, put rather the output current I, of the ampli- 


fier, which is fed to tke microsyn-torquer, and serves to measure the moment M, 


which it generates. The current in attains considerable values (but, as pointed 
out, this current should not be jaree) and ia to a considerably lesser degree 
subject to the influence of various factors than the output voltage Yout produced 
by the microsyn-pickoff. In short, greater accuracy 1s obtained here in the 
measurement of the input angular velocity w on account of the fact that we are 
not measuring the angle of rotation of the floating gyroassembly by means of 
Uout but rather we are measuring the current I, at which there is created‘a moment 
M, which belances the gyroscopic monent. mis method brings better results than 
the method of measuring the angular velocity by means of a floating differentiating 
gyroscope with torstor. rod. The gyroscope with feedback circuit can operate at 
fairly small values of the angle § and, consequently, 4s to a considerable extent 


free from the influence of the angular velocity oo 
=0 
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CHAPTER V 


ANALYSIS OF FLOATING GYROSCOPES 


The characteristics of floating gyroscopes may be divided into three groups: 
static characteristics, drift characteristics, and dynamic characteristics. 
Analyses of floating gyroscopes are also performed in three ways, as follows: 

1. Static analysis. 

2. Analysis for drift. 

3- Dynamic analysis. 

The static characteristics describe the behavior of the floating gyroscope 
during time intervals in which the input and output quantities are either constant 
or change so slowly that the behavior of the gyroscope is, in this seine essentially 
analogous to its behavior in steady-state operation. Two groups of static charac- 
teristics, corresponding to their two possitic operating regimes, are registered in 
static analyses of floating integrating gyroscopes: the spatial integration regime 
and the geometric-stabilization regime. 

The drift characteristics describe the relatively slow, spontaneous change in 
the output signal which is observed during time intervals in which all of the input 
quantities of the floating gyrcscope are held constant. 

The dynamic characteristics describe the behavior of a floating gyroscope 
@uring time intervals in which a change occurs in the output quantities as a result 


of a change in the input quantities. These characteristics must be determined from 
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the results of analysis of devices operating under known and carefully controlled 
conditions. The following must be precisely regulated and maintained constant: 
the temperature of the surrounding medium, the power requirement of the gyroscope 
motor, the excitation currents of the pickoff and torquer, the condition of the 
pechanical mountings, the values of vibrational and shock loads, and other extra- 
neous factors acting upon the device. 

Given the characteristics of any specific floating gyroscope, we may make 
inferences concerning the influence exerted upon it by external factors e74 form a 
clear idea of the difference between changes ir, the various values peculiar to the 
gyroscope itself and charges saa to other causes. Experimental float ing-gyroscope 
characteristics obtained under typical conditions by the Massachusetts Institute of 


Technology are presented below. 


Section 1. An Outline of Static Analysis 


The static characteristics of floating gyroscopes are given as curves of the 


dependency of the relative dimensionless amplification factors (K, : Jexp rel 
Xin’ Zout ° 


and the corresponding relative errors ¢ , of the output values upon the rela- 
“out 


' 
| 
| 
These values are generally determined from the 


| tive angular velocity * exp. exe 
“corresponding formulas (3.56), (3.59), end (3.61). 


| The static characteristics of floating gyroscopes of all types are plotted on 
‘a semilogarithmic grid of the tyPpr shown in Pig. 5.1. ‘Values of the relative ve- 


| loetty e are ranged slong the axis of abscissas, which is calibrated loga- 


exp. rel 
rithmically for the interval 0.01 to 100,000. Te left-hand axis of ordinates, 


‘which has ea uniformly calibrated scale reading from 0 to 1.2, carries the velues of 
ithe relative dimensionless amplification factor (K, ) 

Xin’ Tout 
eration. The right- -hand axis of ordinates carries a unifors acule for the interval 


exp. rel under consid- 
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@Fig. 5.1. Semilogarithmic grid for plotting static char- 
acteristics of floating gyroscopes. 


(-0.20)-0-(+0.04). The zero point of this scale is placed opposite 1.0 on the scale 


| z 
for the factor (K ) This right-hand scale carries values of the 


-x 
Zin’ Zout 
peletive error ¢ of the output quantity. The curve of the dependency of the 
out 

factor (K, ) upon the relative angular velocity + 
“Zan? Zout * 

sented by the solid line, and the dependency of * = upon & 
-out 


exp. rel’ 


is repre- 


exp. rel exp. rel 


exp. rel by the 


broken line. 
_ he conditions under which the static characteristic was obtained and the 


1 


values of (K, - cal and «@ ai should be indicated ir en-h case. It is also 
Zan? % 


necessary to es Xun. ec 


the input quantity is the angular velocity “exp’ Knowledge of the last two values 


al’ the calibrating value of the input quantity, unless 


permits the use of the static characteristics to determine, in addition, the values 


of eos zt ip and aX, for any desired value of to, encompassed by the 
static characteristics. Thus Formule (3.56) gives 
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(Kee eee (Ke ot dale eg (5.1) 


Since the subdivisions of the e¢ - scale are one fifth the size of those of the 
out 
(Ky Xue exP eee scale, the value of the last factor is determined more conven- 


fently not from its curve, but from the ¢ oi curve, obtained in this case by the 
“out 
use of Formula (3.60). 


It should be noted that it follows from this particular formula that the devi- 


ation of the factor (Ky 2 rel 
Xin? out *P° 


from unity, expressed as 4 percentage, 15 


given by 


Sane, _ 100%. (5.2) 
hd i 
<- 
! 
It follows from the Eq. (3.58) that 4 Xo © Xue rout” By successive substitu- 
tion of Eqs. (3.57), (3-56), and (3.55) into this, we obtain 
; BE (Ka tic diahin.  Moark on erpres (5.3) 
where 
Enemy rt Ate ong E wa ca (5.4) 
| 
4s the relative value of the input quantity. If the input quantity is the angular 
velocity ecm? it follows from Formula (5.3) that 
! 
{~ 


aw 


eee esis fe poo opie eto Sse ee 
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Ox (Ke ee, Po pral (5.5) 


The sign of the absolute error 4 Xout of the output quantity is determined by the 


sign of its relative error ¢ Se e 
-out 


Section 2, Static Analyses of Differentiating Gyroscopes 
The Differentiating Gyroscope With Torsion Rod 


The steady-state operation of this device 1s characterized by the coefficient 


Thus the following two curves constitute its static characteristics: 


? Sout 
first, the dependence of the relative dimensionless amplification factor 


K 
7 & 


Ku Mee: re] *% determined from Eq. (4.31) upon the relative angular velocity 


; -out 
e 
exp. rel’ and, second, the dependence of the relative error a of the output 


voltage out upon the relative angular velocity “exp. eer" According to Formula 


(3-59), # y = (Ray exp. ret ~) 

A device which permits the instrument under analysis to be rotated atout its 
Anput (measurement) axis at various angular velocities wekp is required to record 
these characteristics. Devices capable of measuring the resulting output voltages 
u t with sufficient accuracy are also required. 


“ou 


Differentiating Gyroscope With Feedback Circuit 


This device is characterized in the steady operating state by an amplification 
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factor K J 1° Its static characteristics are accordingly as follows: first, the 
° tne 


curve of the dependence of the relative dimensionless amplification factor 


(Ky iT, lex. rei upon “exp. rel’ and, second, the curve of the dependence of the 
Ridtive error ¢ i of the amplifier output current 1 UPON wo. rel’ The factor 
(Ror Vege ai is determined by Eq. (4.81). According to Formula (3.59), 


61, (Ke. 1,) empret -1. (5.6) 


The same turntable mechanism is required for registration of these character- 
istice as in the case of the preceding device. Also necessary is a device capable 
of measuring the output current I, of the amplifier with sufficient accuracy. 

The turntable mechaniss used in the analysis of float ing gyroscopes is repre- 
sented schematically in Fig. 5.2. As far as the operating principle is concerned, 
at is a single-axis spatial angular-velocity integrator with integrating gyroscope 
and servo-system, shown schematically in Fig. 2.19. . 


| The base 2 of the device takes the form of a pedestal and is mounted on e pier. 


| 
Fe slave motor, which consists of the stator ih and the rotor 13, is mounted within 
the base. The rotor is fastened to the shaft 10, which occupies a fixed vertical 
position. The geometrical axis of this shaft is the inpul axis of the device con- 
Lsaered as an integrator. This axis is designated by the letter y in Fig. 5.2, a6 
it was in Fig. 2.19. 

The mieten 9 is carried on the shaft 10 in a rigidly horizontal position. To 
“this platform is attached the thermostat 11, which contains the floating integrating 
gyroscope 12 (if the device has its own heating system, the thermostat _ unneces- 
ary). The gyroscope 4s mounted in such a way that its input axis coincides with 
the y exis or {es parallel to it. The x axis, the output axis of the gyroscope, is 


paipebiiculhe to the y axis. The 29 exis is perpendicular to both the x and y axes 


bese Sie soso meas S = = = - eee a we oe, eae te 
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end ie consequently hor{zontal. In some analyses it is necessary to fix the axis of 
rotation of the platform (the snaft 10) in a horizontal position, and also at vari- 
ous angles (¥ 90°) to the horizontal. Thus the design of an ectual turntable dif- 
fers from the scheme shown in Fig. 5.2 in that it permits the axis of rotation of 
the platform to be adjusted to a horizontel position or at angles other than 30° to 
the horizontal, and reliably fixed in these positions. For this purpose, the hous- 
ing of the motor (which carries the platform 9 on its shaft 10) is not mounted di- 


rectly on the base 2, as shown schematically in Fig. 5.2, but is carried on a 





Fig. 5.2. Turntable device for analysis of floating gyroscopes. 
1) Contact brushes and rings; 2) base; 3) rheostat for regulation 
of current Icon; 4) Icon current supply; 5) milliameter; 6) elec- 
tric clock; 7) contact device; 8) graduated circle; 9) platform; 
10) shaft of slave motor; 11) thermostat; 12) fluating integrating 
| gyroscope; 13) rotor of slave motor; 14) stator of slave motor; 
15) read-off microscope; 16) amplifier. 


horizontal pivot-axis perpendicuiar to the axis of rotation of the platform. The 
structural elements which carry the bearings of the motor-housing pivot axis are 
conveniently mounted on a plate equipped with adjustable legs, vhich are used to 
ensure the axis is truly horizontal. The plate is mounted on the base 2. ‘The base 


should be fully protected from vibration and tremors in the building and in the 
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In other cases the axis of rotation of the platform 9 (the y axis} should be 
strictly vertical. 
The apperatus should permit rotation of the platform 9 tn inertial space about 


the y axis at any constant angular velocity ranging frome small fraction of the 


earth's diurnal-rotational velocity to velocities of the order of 10 to 20 rad/sec. 


The required velocity of rotation is imparted to the platform 9 by impressing the 
appropriate current Len from the current supply 4 upon the control winding of the 
microsyn torquer of the gyroscope 12. The size of this current is regulated by 

means of the rheostat 3 and checked at the milliammeter 5. Under the influence of 
the current Baas the microsyn torquer applies a moment m to the floating gyro- 

assembly, deflecting it from its original position. A voltage La appears at the 
output of the microsyn pickoff and is delivered to the input of the amplifier 16. 


The amplifier output feeds the control winding of the stator 14 of the slave motor. 


compensated by the moment of the gyroscope. At a constant current Toon? this veloc- 


The slave-motor rotor proceeds to rotate at a velocity at which the moment M is 


‘ity will also be constant. Thus there is a specific velocity of rotation of the 
\ 


platform 9 for each value of the current I 


a on? The rotational velocity of the plat- 


orm is determined ty measurement of the angle through which it rotates in a certain 
interval of time. The angle of rotation 


is read through the microscope 15 from the 
4 


circle 8, which is calibrated in degrees. 


The electric clock 6 and its contact de- 





| 

| an vice 7 serve to determine the elapsed 
Fig. 5.3. Decomposition of angular . 

| welocity of earth's diurnal rotation time. The anguler sensitivity threshold 
into vertical ( # e Sin v ) and 

: horizontal ( # e cos ¥ ) components of the apparatus should be no higher than 
e w= latitude). 

| 6 seconds of arc. In the actual spparatus, 


all feed sources and their controls are built into a single console. The turntable 


@pparatus snd all measuring devices incorporated in it must ensure high precision in 
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the necessary measurement ranges. Only when this condition is met may ve depend on 
obtaining the truc static characteristics of the @yroscopes. Specifically for this 
purpose, the effect exerted on the operation of the apparatus by the moments Ni caved 
acting upon the floating gyroassembly of the integrating gyroscope are compensated 
by application of ea current conifa syst [see Ea. (3.105)/ to the control vinding of 
the microsyn torquers. The accuracy with which the gyroscope is positioned on the 
turnteble platform is of great importance. 

Due to the high sensitivity of the floating integrating gyroscope and {ts 
servo-systes, the vertical component of the angular velocity of the earth's diurnal 
rotation vill exert an influence on the operation of the turntable epparatus (Fig. 
5.3). To examine this influence let us assume that the current Ion ™ O. The 
‘apparatus rotates with the earth about a vertical in inertial space, in other words, 
about the input axis y (see Fig. 5.2), with a velocity « ‘ sin -« (Fig. 5.3). 


Under these circumstances a gyroscopic moment Hw, sin © arises, deflecting the 
float ing gyroassembly from its original posits. This leads to the appearance at 
the output of the microsyn pickoff of the output voltage a which results fn 
actuation of the servodrive. The latter begins to return the platform 9 to its 
eiigiasd position, f.e. to rotate it at. a velocity — ern sin © with respect to 
the base. Thus the platform 9 of an apparatus in good working order should, at 


Toon = 0, revolve with respect to the base at an angular velocity equal in magnitude 
and opposite in area to the vertical component of the angular velocity of the 
earth's diurnal rotation. With Loon ¥ O, therefore, the angular velocity of the 
platfors as determined by t ime and angle measurements during its rotation must be 
corrected for the vertical component of the angular velocity of the earth's diurnal 


rotation. 
I 
: An explanatory block diagram of the turntable epparatus is presented in Fig. 

\ 

pe &. It is analogous in principle to the aiagrat shewn in Fig. 3.5. In both cases 


the ee re coeeret of preuente vhich Rerfors analogous functions. The eonverter 


¥-T8-9910/y 2k5 


™ 


a> 


element of the turntable amplifier has e transfer function which is determined by 
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Fig. 5.4. Block diagram of turntable apparatus. 


i 
Eq. (3-87). The slave motor of the turntable operates without reduction gearing. 


Assuming in Eq. (3.99) that 


oe =v sin” 


tra . 


” rel ™” pl.rel’ 


‘where “pl el is the anguler velocity of the platform with reference to the base of 


oe apparatus, we obtain the differential equation of motion of the rotary platform 


in the form 


{ 
| (Wp) +1] © pcor=— WC) [~, sing— ky. oof J. (5.7) 


By successive substitution in this equation of the expressions (3.100), (3.46), 


(3.92), (3-97), end (3-87) (or supposing in (3.101) that Kije Mg ae 7 =o  - 


; ° 
“tra "e ret 


-- = 


rel™ #1. rej)’ we obtain 


‘ 
| 
l 
1 
! 
i 
{ 
1 


| te Te+ (Tet WAKA Pt WN precer™ fon) 
ws — Ky (AT p+ 1) (esi g — Rion 


In practical studies of the dynamics of the rotating platform we may consider the 
terms Tp and TP in Eq. (5.8) negligible by comparison with unity, since this is 


assured by the small values of the time constants T and r, In this case, the 


c 
differential equation of motior of the turntable platform (5.8) 1s considered sin- 


plified: 


(Typitale rie, = bp ti)(%sing ar of 2 ps2 


Here, Tp, is determined by Equality (3.122). 
Considering I_, = const and assuming in either Eq. (5.8) or (5.9) thet p = O, 
we find that the angular velocity of the rotary platform in the steady state is 


Biven by 


oe RL hn eesing. (5.10) 
| 
With I = 0, it follove from this thet 
\ 


ices ™— eSNG. (5.11) 


The absolute angular velocity of the platform is 


| 
(5.12) 


«us 


Si r.ane®,, rei tegsingwk; of 


This velocity must also be teken as the ungular velocity “exp* 
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Fig. 5.5. General view of apparatus for analysis of floating 
differentiating gyroscopes. 1) Electric clock; 2) floating dif- 
ferentiating gyroscope, acting us component of turntable; 3) 
thermostat; 4) gyroscope under analysis; 5) rotary platform; 

6) feeding, regulating, and monitoring units for gyroscope under 
analysis; 7) feeding, regulating, and monitoring unit for turn- 


table apparatus; 8) three-unit console. a 


| 

Integrating Eq. (5.10) for zero initial conditions, we find that the angle of 
| 
rotation of the platform relative to the base of thé apparatus is 


«= (hf, 2, sin q)t. (5.13) 


; A general view of the apparstus for the static analysis of floating differen- 
tiating gyros:opes is presented schematically in Fig. 5.5. It consists of the turn- 
table device described above and shown separately in Fig. 9-2, plus the three-sec- 
tion console 8. All the components necessary to feed, regulate, and monitor the 
turntable apparatus are incorporated in section 7. The two sections 6 contain 


{ 
everything necessary for feeding, regulating, and monitoring the gyroscope being 


| 





onelyees. 

The floating differentiating gyroscope being tested (4) is mounted or the 
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rotary platform 5 (Fig. 5.5) inside a common thermostat 3 with the floating inte- 
grating gyroscope 2, which acts as an accessory compunent cf the turntable appara- 
tus. The input (measurement) axis of the test gyroscope is oriented parallel to the 
axis (y) of rotation of the platform 5. Ite x and Zp axes are perallel to the 
corresponding axes of the gyroscope 2, whoze directions are indicated in Fig. 5.2. 

Static analyses of floating differentiating gyroscopes in the apparatus shown 
in Fig. 5.5 proceed as follows: the platform 5 is made to rotate at various con- 


stant angular velocities by supplying various currests Tn to the microsyn 


vl. rel 


torquer of the floating integrating gyroscope 2. The output signal of the floating 
differentiating gyroscope being analyzed is measured for each value of “np. rel’ 
For torsion-rod gyroscopes this signal will be the voltage Vout? and for feedback 
gyroscopes it will be the output current I, of the amplifier. The static character- 
istics of the devices tested are sonstpucted on the basis of the results of analysis. 
Static characteristics obtained by the above method for floating differentia - 
ting gyroscopes are presented below. Figure 5.6 shows static characteristics for a 
floating differentiating gyroscope with a torsion rod -- Type 10", No. 55. Data 
woncemiiee this prieeeais were given previously in Tables h and 5 (Chap. II, 


Bec. 2). The static characteristics were recorded under the folloving conditions: 


Frequency of current fed to gyrosmotor teyr = LOO cps 
; Phase voltage of gyromotor Ton ™ 4.0 volte 
Phase current of gyromotor In 0.6 amp 


Excitation current of microsyn pickoff tg = 250 ma 


ve : - Frequency of current fed tc excitation si, 
winding of microsyn pickoff fp = 400 cps 


! Temperature of fluid + = 71.1°C 
In calculating the numerical values of the relative angular velocity “exp.rel 
[eee Equality (3.61)] and the relative dimensionless amplification factor 


! 
(Kony) 
“ou 


exp: Fei fee Eq. (4.319) , it was assumed that 
t e 
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eal 


- 1n7 
Here and henceforth, a. = 7.29 10 rad/sec is the angular velocity of the 


diurnal rotation of the earth. 


(Ke.v,..), 2 0819- ""— 819°" -0.238 i 


st mrad ore rad, yee min 


Static characteristics tor torsion-rod floating differentiating gyroscope, 
Type 10", No. 26, produced by the Massachusetts Institute of Technology, which is 
similar in design to the No. 55, are presented in Fig. 5.7. The characteristics 


were recorded under the following conditions: 


Frequency of current fed to gyromotor tye = 400 cps 
Phase voltage of gyromotor Un = 3.5 volts 
Phase current of gyromotor Ion = 0.5 amp 
Excitation current of micrusyn pickoff Ly = 250 ma 


Frequency of current fed to excitation 


winding of microsyn pickoff = 4OG cps 


Temperature of fluid « 71.1°C 


In plotting these curves it was assumed that 


e+e . & ‘ oul mrad ore == 0,0573° pee 23 13 Beg 


wee - a eee 


(Kay) 2115 — 7". = 1150." - --0,335 = . 


vetcal mrad. pec rad/s °f min 


| 
| In the analyses of both gyroscopes, the upper limit of the measured angular 


velocities W exp WAS 1950 mra3/sec = 1.95 rad/sec; this was imposed by the 


¢ 


F-T8-9910/V 250 


Oe te ce ah ee me Rte ene pe ee OO NIT OA om en Owe to ewe fe tm eH tee 


an 













a MB oS th eee ios ihe ink § dceceoee ice 
Ube tee cece ne Ue pee ee Lbsenf OOZ 
10, ee See a ode etka t 
{ BE SiS edceer tee e Mites care toes f:| Saeed vem ee gh 
as.. cee g catty Se teee edge hfrmdy 4s cosas bBELs 
mi : - ee - : aecusines © § + roam! | oooh —0 Ov on. 
-—~i— 0, po sce ere ~ eieiae: e6 —— 4 eT 
4 as ee ee she eel 5) es 
Ie PSPS 
‘a — _— ee 
Bee eee ep 
ars l mB a a ah ct 
Z =p = dete | co 
~ pres omer - te tte: 
, aH poe pbc peop 
= be — . ead md 1) oe —— 
a : = r= ce i a ila - if 
or =— bod! dt — 
gt —— pee a + — 
ee ee = ‘i. ab pete 
Wide reread ppb nt tai gakee of nee 
Al Hee a he 
in a! i DB on = 6 
of 





vap.rel Wont 


Fig. 5.6. Static characteristics of Massachusetts Institute of Technolocy 
torsion-rod floating differentiating gyroscope, Type 10%, .No. 55. o-points 
for (Ky oy es st at e-points for * Wut’ 
presence of stops which prevented deflection of the floating gyroassembly through 
more than 2.5° from its initial position with reference to the hovsing of the mech- 
anism. It will be remembered that the upper-limit restriction on the velocities to 
be measured with the differentiating gyroscope was occasioned in practice by the 
necessity of avoiding effects on its operation due to the angular velocity of the 
rotation of the ins‘rument housing about tne axis Zor f.e. about the iuftial posi- 
tion of the-spin.axie.«. The greater the measured angular velocity, the greater 
will be the angle of deflection of the floating gyroassembly fron its initial posi- 
tion, and, consequently, the greater the effect of the angular velocity about the 
axis. It would seem that floating differentiating torsion-rod gyroscopes should 
operate well beginning at very small values of the Bekgured velocity * exo? How- 
ever, as shown by the curves in naete 5.6 and oat this is not the case. It 


tat eee oe 


F-T8-9910/V¥ 251 


Te Peal Cae OR eee ae he mee 2 Fe Ee es comet fee 


develops that the lower limit of the working range is rather high. Thus in the case 


of Gyroscope No. 55 it is 0.390 rad/sec, provided that a relative output-voltage 
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Fig. 5.17. Static characteristics of floating differentiating gyroscope 


with torsion rod, Type 104, No. 26. o-points for (Key ) 3 e- 
points for * ui ?-out exp-rel 
-out 


error "y > 0.01 is tolerated, and 0.170 rad/sec for e > 0.1. Gyro- 
U 
-out -out 


scope Ro. 26 gave the best results. The relative output-voltage error ‘uy . for 
this device does not exceed 40.025 at angular velocities above 0.010 sinybee At 
smaller angular velocities, the discrepancy of the results of measurement is 60 
great that it becomes impossible to make inferences regarding the opcration of the 
device from these data. It should be noted, however, that the wide scattering of 
the experimental results at amall values of the measured angular velocity is due 
° 

not only to imperfections in the gyroscope itself,but also to imperfections in the 
apparatus used to measure the output voltage Vout of the gyroscope. This voltage 


was measured with the aid of an ordinary thermionic voltmeter without special 
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modification of the measurement apparatus. Asa result, indeterminate eledtrréeai 
disturbances of various types showed up {n the experimental results. These disturb- 
ances were particularly intense in measurements of the voltages Uae for small mea- 
sured angular-velocity values. It is necessary to exercise extreme care in design- 
ing the layout for analysis Uf differential gyroscopes in order to reduce these 
disturbancee. 

According to information furnished by the persons who conducted them, no spe- 
cial conditions were created for the gyroscope analyses, i1.e. the gyroscopes were 
tested under conditions similar to those encountered in actual use. 

Most important anong the factors which exert a negative influence on the oper- 
ation of torsion-rod floating differential gyroscopes at small values of the mea- 
sured anguiar velocity are the following: lack of rigidity (elasticity) in the 
mounting of the fioating gyroassembly, which is formed by the elastic torsion rod, 


and undue influence on the value of the output voltage a @rising from dynamic 


t 
imbalance of the gyromotor rotor, since the electrical noise created by this condi- 
tion results in considerable distortion and suppression of the voltaze Vout? which 
is relatively small at small values of the measured angular velocity. Other such 
megative factors are torsion-ro¢ hysteresis, the zero-point errors of this rod and 
the microsyn pickoff, mechanical vibrations, etc. 

Thus the lower limit of the working ranze of the device under cBnsideration t's 
determined both by the tebertection® of the device itself and by disturbances of 
various types in the measurement circuits. It is possible that refinement of the 
instruments and technique used in measuring the output voltage will permit a cer- 
tain reduction in the lower limit of the working range of torston-rod floati.g 
differential gyroscopes. In the opinion of C. S. Draper and the specialists work- 
ing with him, however, the pecularities of the torsion-roc floating differentiating 
Gyroscope itself will, in all probability, prevent the device working efficiently 
at measured angular velocity values significantly lower than 0.005 rad/sec. This 
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statement should be regarded es applicable solely to the specific design of the 


? device analyzed. 
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} Fig. 5.8. Static characteristics of floating differentiating 
gyroscope with feedback circuit. o-points for (Ky I ) ; 
@ - points for €, . ‘sa exp. rel 
=a 


Figure 5.8 shows the static characteristics of a floating differentiating gyro- 
scope with a feedback circuit, formed from the floating integrating gyroscope (Type 
104, No. 79) whose characteristics were presented earlier in Tables 1 and 2 


(Chapter II, Sec. 1). The static characteristics were recorded under the following 


conditions: 
Frequency of current fed to gyromotor foyr = OO cps 
Phase voltage of gyromotor U ph = 7.5 volts 
Phase current of gyromotor I ph = 0.2 amp 
Excitation currert of microsyn pickoff lex = 125 ma 
Frequency of current fed to excitation 
Zz winding of microsyn pickoff i = 4OO cps 
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Excitation current of microsyn-torquer I = 200 ma 


“ex 
Temperature of fluid ‘ = 71.1% 
Cc , 
Amplification factor of amplifier Wout I, = 0.0952 ra/mv 


In computing the numerical values of the relative angular velocity oa rel 


[see Equality (3.61)] and the relative dimensionless amplification factor 


K., i exp.rel bee Eqs. (4.81) and (4.80)], it was assumed that 


eo =I mrad sec =0.0573° eee 13.80, 
(fe) a2 0.1181 ame. 


Ken) ..= 0.1181) — 2 ee 8D? =H OE. 
(Ke.4,) 181 es 


mrad oe. eer =f mia 


The following conclusions may be drawn from consideration of the graph shown 


in Fig. 5.6. 1f it is specified that the relative error ©, of the output sig- 
=a 


nal (the current I) shall not exceed 0.01, the lower limit of measured angular ve- 


locities will be 


© ins 0.003 rad/sec, 


and the upper limit 
me = 0.700 rad/sec. 
exp .max 
If, however, we have ¢ I > 0.1, 
“s s = 0.0009 rad/sec, 
exp.min 


° = 1.800 rad/sec. 
exp.mex 


In the latter case the value of wo exp.max was obtained by extrapolation. 

The static characteristics of the above device are generally similar to those 
of the torsion-rod floating differentiating gyroscope. In this device, however, 
“exp.min is considerably smaller. Its “exp.mx value is determined not by the po- 

! 
witions of the stops which limit the rotation of the floating gyroassembly, but by a 


saturation phenomenon in the core of the microsyn torquer due to the drop in the 
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static characteristic at large values cf the measured angular velocity. 

Thus the floating differentiating gyroscope with a feedback circuit permits us 
to exploit the advantaces affonied by the efficiency of the floating intesrating 
gyroscope in the region of low values of the measured angular velocity. It has 
been noted above that the micrusyn pickoff can operate on either alternaiing or di- 
rect current, i.e. if the current I, delivered from the amplifier output to the se- 
condary winding of the glerosyn=pickort is an alternating current, the experimental 
values for the input ‘ngular velocity determined by the measurement of this current 
will depend on the mode of alternation of this current. In principle, therefore, 
we are faced here with the same difficulties in measuring alternating currents as 
are encountered with torsion-rod floating differentiating cyroscopes. : However, the 
floating differentiating gyroscope with feedback generally permits more accurate 
measurement of the input angular velocity, since measurencent of it in this sage 
amounts to measurement of a compara‘ively large I, current (I, minAwloo » amp) , 
and also by virtue of the advantages which this Sevice offers’ in principle uver the 
torsion-rod difrerentiating gyroscope, and which were discussed in Chapter IV, 
Bec. 7. i : 
Difficulties due to magnetic hysteresis arise in cases when the microsyn tor- 
quer and, consequently, the fecdback circuit, are operated on direct current. These 
way prove to be just as troublesome as the difficulties which arise when working 
with alternating current. Special measures are necessary to eliminate magnetic- 
hysteresis effects. 
| In meas'rement of high angular velocities, the operation of the device vould 
be limited only by the potentialities of the gyroscope itself, or, more precisely, 
by those of tne microsyn torquer, provided that the feedback circuit and the system 
used to measure the amplifier-outpnut current are chosen correctly. In practice, 


however, it may prove unnecessary to provide for the measurement of the maximal an- 


gular velocities permitted by the gyroscope. When this is the case, a simplified 
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electrical layout ray be employed in the feedback circuit. 


Section 3. Static Analyses of Integrating C Gyroscopes in 
“Spatial- Integration Regire 


The steady spatial-integration regime is characterized by the amplification 


factor ky os + Thus the curves of the dependence of the relative nondimen- 
=con, 

sional amplification factor a a Bn. nb as determined by Eq. (3.70) and the 

relative error *. Upon the relative angular velocity “exp.red @re the static 


characteristics of this regime. 

Analysis 1s conducted with the turntable apparatus illustrated schematically in 
Fig. 5.2. The device 12 undergoing analysis {s mcunted on the platform 9 in the 
manner shown in Fig. 5.2. The analytical process ought to consist in delivery of 
various currents De to the control winding of the microsyn torquer and measure- 
went of the corrcsponding steady values of the angular velocity of the platform. The 
leureent Jey fed to the excitation winding of the microsyn torquer ought to be heli 
strictly constant, as is usually the case when the floating integrating gyroscope 
is normally used in its effective (linea) working range. However, when the wind- 
ng of the microsyn torquer are fed separately, its working range, which {s char- 
acterized by a proportional dependence of the moment M. generated by it on the con- 
trol current I, on? is significantly smaller than vhen its windings are series-con- 
nected and fed by a common current I, an” 

The restriction of the working range of an integrating gyroscope resulting 
from reduction of the working range of the microsyn torquer, due to the use of sep- 
arate current supplies for its windings, amounts to at least two modules of the 


1 
| « ee. HY scale, and in some cases even more (see Fig. 5.1). Thus the use of 


mweparate feeds for the windings of the microsyn torquer prevents full exploration 


of the potential of the floating integrating gyroscope undergoing analysis. 
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In the analyses, therefore, the two windings of the microsyn torquer are connected 


in series and supplied with a common current Tone This permits complete study of 
the full potential of the floating integrating cyroscope under examination, or, in 
other words, full coverage of the angular-velocity range inherent to it, except fcr 
certain restrictions imposed even in this case by the microsyn torquer. The effect 


of the moment My - on the floating gyroassembly is compensated by the delivery of 


yst 
the appropriate current to the micros;n torquer. 

Accordingly, static enalyses of floating integrating gyroscopes in the spatial- 
integration regime, using the apparatus shown in Fig. 5.2, consists in delivery of 
various currents 15 to the series-connected primary and secondary windings of the 
microsyn torquer and measurement of the reeulting steady angular velocities of the 
platform. Accordingly, the curve of the dependence of the relative nondimensional 


amplification factor 


a, «) 

, (he apdeana neal (5.28) 
uy asda! 

‘on the relative angular velocity « is used as the static characteristic 


exp. rel 
which describes the steady spatial-integration regime, and not the curve of the 


' 








factor ( ) - Here 
rie = eres x oe 
= were 
(kz ebsr (LJeones9 (5.15) 
k, one 16 
(yy east Goedel (5 ) 
t 
' Let us establish the relationship between the factors (k ) and 
' “Zeon, = MeMB a eee : 


sy I’ ) Sa een Applying Eq. (3.39), we may rewrite Expression (5.14) in 
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It follows fror this upon application of Eq. (3.70) that 
2 Fea cai 
(hr, 1, yo) one ea 5 (tr, ory vet f 6 < (5.17 ) 
Since the windings of the microsyn torquer are series-connected and fed with 
a single current Ton during the analysis, 


Lea=l (5.18) 


and Eqs. (5.14), (5.15), (5.16), and (5.17) take the form 





(4y2 Jem rai™ oa : (5.19) 

| Hn der Gee’ (5.20) 
Ce a (5.21) 

(2 pew oh elenriiecac (5.22) 


In addition to the graph of the dependence of the relative dimensionless am- 


t 
plification factor (ky2 6 Vesa re] Om the relative velocity ©. 12), we also 


construct a curve of the dependence of the relative error e of the angular 
oe 


velocity upon this factor; according to Formula (3.59), this will be given by 
w= (ke) al (5.23) 
i Figure 5.9 presents the static characteristics of a floating integrating 


Bec ers of f Type 10", No - 79 (data for which were presented in Chapter LI, Sec. 
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1, Tables 1 and 2), as registered by the described method using the apparatus illus- 
trated schematically in Fig. 5.2. The characteristics were recorded under the fol- 


lowing conditions: 


Frequency of current fed to gyromotor foe = OO cps 
Phase voltage of gyromotor Un = 7.5 volts 
Phase current of gyromotor Ln = 0.2 amp 
Excitation current of microsyn pickoft pS = 125 ma 
Frequency of current fed to excitation . 
winding of microsyn pickoff f = 400 cps 
y «= 71.1% 


Temperature of fluid 


The windings of the microsyn torquer were supplied with direct current during | 
the analyses. A high-quality direct-current voltage stabilizer of the type used 
under normal operational conditions was employed as a current supply. The use of 
direct current considerably simplified the task of obtaining exact measurements of 


the pa currents which arise in the series-connected windings of the microsyn tor-" 
{ 


quer. It should be noted that the integrating gyroscope analysis was conducted 


under conditions which approximated to normal working conditions just as closely as. 


in the case of differentiating gyroscopes. 


In computing the numerical values of the relative angular velocity + exp.rel 


fee Eq. (3.61), the relative dimensionless amplification factor (x, ge 6) 
=con “ 
faccording to Eqs. (5.19) and (5.20), and the relative error ¢ | , which is de- 


exp.rel 


termined by Formila (5.23), it was assumed that 


a=! mrad/eee =09.0573 A 2 13.8e, 
(7)? 2 2447 ms’. 


coa’eal 


mrad/sec . int? rad/sec °/min 
(x2 ear = 0.04087 nred/see = 4.087 + 10 red/sec = 0.234 fain, 
con ma az Se - mA oes BA 
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It will be seen from the curves in Fig. 5.9 that the facto: k,2 
=con, # 
remains equal to unity with an error of £1% in the angular-velocity range from 


exp.rel 


0.0001 to 4 rad/sec. In other words, the relative error ¢ ‘e of the output 
quantity, the angular velocity # , does not exceed £0.01 (£1%) in thig range. At 


angular velocities greater than 4 rad/sec, the curve of the factor [(k,2 


> 
\ ton , ~ exp.rel 
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Fig. 5.9. Static characteristics of operation of floating integrating 

gyroscope of Type 10°, No. 79, in epatial-integration regime. o-points for 

(K2 54 Ves ve} “Points for ‘, 3 land 2) Envelopes of points for 
=20n ° 


(kK oar ande , corresponding to an absolute error 4 of the 
SK on © exp. re) o z 


ye ee te ee 


output quantity equal to #0.000001 rad/sec. 


and, consequently, that of the relative error ¢ i. , turn sharply downward; this 
4s accounted for by a saturation effect in the core of the microsyn torquer which 
reduces the moment which it generates, and also by friction due to the radial load 
on the bearings which results from the increase in the magnetic reactive moment. 


At angular velocities smaller than 0.0001 rad/sec the distribution of the 


Me a en ee ee —-— —--- + eee eee - 


e 
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points assumes & random character. However, all of them occur between enveloping 
curves which correspond to absolute errors Aw of the anguler velocity w of 
+0.000001 rad/sec. This signifies that the influence of various indeterminate 
electrical disturbances prevents us at small angular velocities from maintaining 
the output quantity of the spatial integrator, aes » the angular velocity », with 
an error smaller than +0.000001 rad/sec. Among the principal factors which cannot 
be taken into account due to their indeterminate nature, and which, consequently, ‘ 
belong to the class of indeterminate Gisturbances, are the following: friction in 
the bearings of the floating gyroassembly; radial displacement of the floating 
gyroassembly, which results in asymmetry of the magnetic flux in the gaps of the 
microsyn torquer and microsyn pickoff and, cunsequently, in the development of a 
moment acting upon the floating gyroassembly; and finally, electrical disturbances 
of various types which produce indeterminate output-signal components and thereby 
affect the operation of the gyroscope. 


The region of indeterminate values of the factor («2., wo dexp.rel which is 


found at angular velocities smaller than 0.0001 rad/sec could, in all probability, 
be reduced by more careful menufacture, adjustment, and monitoring both of the 
floating integrating «yroscope itself und of the servodrive. It may be assumed, 
however, that a certain region of indeterminate values of the factor 
ee oe exp. rer? tress & region of indeterminate operation of the device in the 
spatial-integration regime, will always exist at low angular velocities. Refine- 
ment of the device may lead to the region shifting toward lower angular~-velocity 
values, but the general nature of the static characteristics of the device will re- 
main the seme es that indicated in Fig. 5.9. 

It should also be borne in mind that the error of measurement is also a func- 
tion of the accuracy with which the turntable circle is graduated and the fnterval 
of time which elapses between successive microscope readings. 


ine wer. re} from unity [see 


If a +2.5@ deviation of the factor (x22 





F-T8-9910/V - 262 


- op 


Formla (5.2)] 4s considered tolerable in the working range of the Type 10", No. 


79 device, this working range will extend (as seen from Fig. 5.9) from exp nin = 


= 0.00004 rad/sec to approximately o, = 7 rad/sec. The ratio of these 


@& 
= Pe = 175,000. 
“exp. min 


xp. max 


limits is Nog 


Applying the sam tolerance to the working range of the floating torsion-rod 
differential gyroscope whose characteristics were presented in Fig. 5.7, we find 
that it extends from Win, min 
Thus for this device 


= 0.010 rad/sec to Wey. Bx 1.950 rad/sec. 





Nygw —S* w 195. 
apote 


Accordingly, Nog : No = 897.5. 

The significantly wider working range of the floating integrating gyroscope 
operating in a uniaxial spattal-integrator system as compared to the working range 
of the floating torsion-rod differential gyroscope used to measure angular velocity 
4s accounted for on the one hand by the superior design of the integrating gyro- 
scope, and on the other by the larger error in an ordinary thermionic voltmeter 
reading for an alternating output voltage Voce as compared with a direct-current 
voltage. The analyses of the differentiating and integrating gyroscopes were con-~ 
ducted on the same turntable apparatus. The angular velocities of the rotary plat- 

eform were imparted by the same integrating gyroscope in both cases; in one case, 
this functioned as a component of the apparatus, and in the other as the object of 
analysis. The angular velocities of the turntable apparatus were thereby main- 
tained with the same degree of accuracy in the analyses of both sn vieoal: 

Even when the difficulties involved in measurement of the input and output 
quantities are taken into account, the range in which the integrating gyroscope 
functions satisfactorily is far wider than the same range for the differentiating 


gyroscope. This is explained by numerous factors which affect the operation of the 
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differential gyroscope but not that of the integrating gyroscope. As was noted 
previously, these include torsion-rod hysteresis, the zero-point errorg of this 
rod and the microsyn-pickoff, vibration, etc. 

Differentiating gyroscopes with feedback circufts are superior in that they 
do not have torsion rods or mechanical springs of any other type. The basic dis- 
advantage of all types of differentiating gyroscopes, however, is the necessity of 
limiting the angle of rotation of the floating gyroassembly in order to eliminate 
the tafluence on their operation of the angular velocity of rotation of the instru- 
ment housing about the Zo axis perpendicular to the input (measurement) and output 
axes of the device; this lowers the upper limit of the working range of the device 
by a considerable margin. This limitation does not generally apply to the inte- 
grating Bcofhoss, provided that it operates in conjunction with a correctly com- 
puted servosystem equipped with an integral control having a. adequate amplifica- 
tion factor. The use of large amplification factors renders it possible to actuate 


the servodrive at srall values of the microsyn-pickoff output voltage U 


Sout? OF» 


in other words, at extremely small (near-zero) angular deflections of the floating 
gyroassembly from its initial position. 

Since the integrating gyroscope does not possess a torsion rod or any other 
mechanical springing device, it 1s completely free from the drawbacks inherent in 
them: hysteresis, nonlinearity, difficulties in connection with the adjustment of 
the torsion rod. Another advantage of the integrating gyroscope is that it makes 
use of a heavy fluid having a considerably higher viscosity than that used in the 
differentiating gyroscope. This results in appreciable reduction of the in- 
fluence which the vibration of the gyromotor rotor during its rotation exerts upon 


the operation of the integrating gyroscope. 
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. i Section 4. Static Analysis of Integrating Gyroscopes 
in the Geonetric- Stabilization Regime 


In the steady state, the geometric-stabilizaticn regime is characterized by 


re) gies ee determined 


e 
Oca. given by Eq. 


the relative dimensionless amplification factor (K “tra ® 
by Eqs. (3.113) and (3.111) and the relative error 


(3.124). Thus the static characteristics of this regime are the curves of 


(K ) 8 
“Sern “rel exp. rel and “re} as functions of © op rel? as obtained from Eq. 


(3.61). It should be noted that the geometrical-stabilization regime is, by nature, 
@ particular case of the spatial-integration regime which occurs when the current 


tan delivered to the secondary winding of the microsyn torquer is given zero value. 


As a rule, the various disturbing moments M, due to mechanical imbalance, the re- 


actions of the pickoff and torquer, the gyromotor leads, etc., affecting the float- 
ing gyroassembly, lead, as noted previously, to the appearance of drift in the 
pervodrive which controls the integrating gyroscope. It was also pointed out that 
. suitable current ZconM, beat is supplied to the control winding of the microsyn 
torquer in order to compensate the effect of the eystematic component M, syst of 
the interference moment M,- The presence of this current does not alter the oper- 
ating regime of the device, which remains one of geometric stabilization, as in the 


case I con = Oe 

The analysis of integrating eyroacopes in the geometrical-stabilization regime 
is conducted in the apparatus represented schematically in Fig. 5.10. This consists 
of the familiar turntable, illustrated separately in Fig. 5.2, and the three-see- 
tion console 17. These are complemented by the independent uniaxial spatial angu- 


lar-velocity integrator mounted on the rotary platform 16 with its servosysten and 
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the floating integrating gyroscope 10 to be analyzed. The input axis y of this in- 
tegrator coincides with the geometrical axis of rotation of the platfcrn 16. The 
base 3 of the integrator is rigidly attached i the platform 16. The slave motor 
15 and its speed reducer, which consists of the servocysten gears 14 and 13, are 
mounted in the base 3. The shaft of the gear 13 is vertical and directed along the 
input axis y of the integrator. The thermostat 12 1s rigidly mounted on the gear 
13, and plays the part of the object which has to be stabilized geometrically in 
inertial space with reference to the y axis. The gyroscope 10 undergoing analysis 


is mounted within the thermostat. Its measurement axis is directed along the y 





| Fig. 5.10. Apparatus for static analysis of floating integrat- 

: ‘ ing gyroscopes in the geometric-stabilization regime. 1) Base; 
2) electric clock; 3) base of integrator; 4) floating integrat- 

4ng gyroscope; 5) light source; 6) screen; 7) scale; 8) light 

' spot formed by beam reflected from mirror 9; 9) mirror; 10) inte- 

' grating gyroscope undergoing analysis; 11) contact rings and 
brushes; 12) thermstat; 13), 14) servomechanism reduction 

i gearing; 15) slave motor of servosysten; 16) rotary platform; 

i 17) three-section console. 


axis. A mirror 9 is affixed to the face of the gyroscope. The angles through 
which the thermostat 12 and gyroscope 10 rotate with respect to the base 1, i.e. 
vith respect to th: earth, are determined by observation of the spot 8 (formed by 
‘the pencil of light reflected from the mirror 9) as it moves along the scale 7 cn ° 


the fixed screen 6. 
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Let us examine the. steady-state operation of the intes grator mounted on the ro- 


tary platform 16, which 1s characterized in the genera] case by Eq. (3.103). Y= 
= O for the integrator under consideration. Let us assume that the moszent My ayat 
acting or. the floating gyroassembly of the test gyroscope 10 is compensated by 

supplying the appropriate current I aa determined by Eq. (3.105) to the 
control winding of {ts microsyn torquer. The transfer angular velocity +, vat the 
integrator base 3 is identical to the absolute angular velocity of rotation of the 


platform 16, which is determined by Eq. (5.12). Thus, 


i BO aes Se ctes +e, sing. (5.24) 

Taking all of the above factors into account, we find that the steady-state 
operation o* the {ntegrator under examination is characterized in the general case ? 
provided that % rand " O, by the equation 


°..= —(4,,. reft@, sing— ky whon), (5.25) 


! Here a) is the angular velocity of the thermostat 12 carrying the gyroscope 
'10 (i.e. velocity of the mirror 9) about the y axis with reference to the integra- 
‘tor base 3 or, which amounts to the same thing, to the platform 16. 

Setting I, = 0 in Eq. (5.25), we obtain the steady-state equation of the 
gecoatelacupiniiewtiog regime. Thus for ideal operation of the integrator in the 


Steady-state geometric-stabilization regime, 


+~, sing) am —e (5.26) 


eo m=—(e Sicvaie 


rel Bp. rel 


In actuality, the value of the angular velocity w at will deviate somewhat 
‘from its ideal value as given by Eq. (5.26), simply because My rang £0- Let the 
‘corresponding absolute error be denoted by ae Nov « rel ~ wild be determined 


in practice by the equality . eet SIS pat ee a 7 
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e347 —(¢,, we 4, ™ —(*,, rel +e,sing—d»,, ). (5.27) 
In order to determine the values of (K ) which correspond 
-~« > « exp. rel 
tra rel 
to various relative angular velocities 
e om ap (5.28) 
ome el a at. abe. cu 
it is necessary to knov the corresponding values of the factor (Ko, Vince 


« exp 
tra rel 
Proceeding from Eqs. (3.111), (5.27), and (5.24), “e find that 


ca Samcteus) oi (Se) (5.29) 


7 Thus the problem comes down to onc of measuring Yok: sie and4ae_y: The tech- 
nique used in measuring “pl. “6 


. 18 evident from Formula (5.12), and also from the 
earlier descriptions of the use of the appuratus shown in Fig. 5.2.4 re should 
pot be measured with reference to the platform 16, which would be difficult, but 
with reference to the earth, i.e. by means of the light epet moving along the scale 
7 of the screen 6 (Fig. 5.10). 

| let us find the relationship between Ae 3 and the angular velocity of the 
mirror 9 about the y axis with reference to the earth, measured in corresponding 
en with the aid of the scale 7 and the light spot formed by the beam of light 
reflected from the mirror 9. The velocity of rotation of the mirror § about the 

7 axis with respect to the earth is given by sir” “rel + “pL. rel’ 


Substituting Eq. (5.27) in the above, we obtain ‘ 


©,,, = —(e,sing— de,.,), (5.30) 


fe Da Be ee ee ee i ee SS SF oma, 
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Thus wo . differs from 4 by the vertical component of the angular veloci- 


mi rel 
ty of the earth's diurnal rotation, “*~ sine. Asa result it is necessary to cor- 
rect the measured values for the ete tky velocity * Ay mathenatically for the ver- 
tical component of the earth's diurnal rotation in order to obtain values for Ae ot 
In practice, however, it 1s considerably more convenient to proceed in such a way 


that the angular velocity ber is not a function of me sin @, and therefore di- 


4 
rectly equal to ae ney i.e. 


2 Surr™ 4e,.° (5.32) 
ry t nia 
fo accomplish this, a current Jeon = Bsn sufficient to compensate the 


vertical component wo, sin @ of the earth's diurnal rotation should be supplied to 
the control winding of the microsyn torquer of the gyroscope 10 undergoing analysis. 


It foliows from Eq. (5.25) that this current 


oda 
hn a (5.32) 


On the basis of all the above considerations, therefore, the analysis of a 
floating integrating gyroscope in the geometric-stabilization regime should consist 
Of the following: various constant angular velocities in the inertial space about 
‘the y axis are imparted to the platform 16 by supplying the appropriate currents 


Ton to the control winding of the microsyn torquer of the gyroscope 4. The velo- 
\* : 


cityae i) is measured by observation of the light spot (formed by the beam of light 
reflected from the mirror 9) as it moves along the scale 7, and of the electric 


‘elock 2, referring, in this case, to Formula (5.31), since this is permissible by 


‘virture f applicati f the current I determined from ° ° to the 
! of application o son. comp Eq. (5.32) 


‘contro]. winding of the microsyn-torquer of the gyroscope 10. Next, the values of 


(Ke which correspond to the various values of » 


tra’ * relexp 
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determined from Eq. (5.26) are computed from Formula (5.29). Then the values for 


and €, are calculated and curves plotted accordingly. 


K 
(Kw a less: rel a 


tra’ rel 

Figure 5.11 shows static characteristics for a flosting integrating gyroscope 
of Type 104, No. 79 (data for which were given in Chapter II, Sec. 1, Tables 1 and 
2), operating in the geometric-stabilization regime; these were recorded by the 
method outlined previously in the apparatus represented schematically in Fig. 5.10. 


The characteristics were registered under the following conditions: 


Frequency of current fea to gyromotor toe = 400 cps 

Phase voltage of gyromotor U aos 8.2 volts 

Phase current of gyromotcr I ph = 0.3 amp 

8 

Excitation current of microsyn pickoff Jy = 125 ma 

Frequency of current fed to excitation 

winding of microsyn pickoff = OO cps 

Excitation current of microsyn torquer Tex = 100 ma 

Frequency of current fed to excitation 

winding of microsyn torquer i. = 4OO cps 

Vertical component of angular velocity 

of earth's diurnal rotation, compensated 

by application of current Leoni comp = 

= const to secondary winding of microsyn -5 

torquer @ sin Y= 4.87 x 10 

e 
= rad/sec 
Temperature of fluid T= 71.1°C. 
In calculating the numerical values of the relative angular velocity ep eet: 

and the relative nondimensional amplification factor (K 4, Ww Vest ii 


tra’ rel 
it was assumed that 


© gt. mee. csi ml mredjece 0.0573 °/00e= 13.6 we 
emred/sec 
(Kg eet! mrad/sec 





{ 
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Pig. 5.11. Static, characteristics of operation of floating integrating 
gyroscope, Type 10, No. 79 in geometric-stabilization regime. o-points 
for (K tre? @re1exp. rel} @ -Points for © rel? 1), 2) envelope 

curves of points for (K © tre’ © rerexp. re) ne 
spond to an absolute output-quantity error 4 @ el of *0.000001 rad/sec. 


e - 
@-e) which corre 


It can be seen from comparison of the curves of Fig. 5.11 and those of Fig. 


5.9 that for <4 rad/sec, the operation of the floating integrating 


exp. rel 
gyroscope in the geometric-stabilization regime is similar to its operation in the 
spatial-integration regime. In the range of angular velocities from 0.0001 to 4 


) 


of the output quantity (the angular velocity » 


remains equal to unity within 11%, f.e. 


rad/sec the factor (K « tre”rel 


: exp. rel 
the relative error 


) 


e 
* rel rel 


does not exceed 40.01, or 11%, in this range. At angular velocities lower than 
0.0001 rad/sec, the experimental points fall between envelope curves which corre- 


spond to absolute errors 4 .., of 40.000001 rad/sec. The reason for this is 
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essentially the same as in the case of the spatial-inteyration regine. 

At higher angular velocities, and particularly at angular velocities in excess 
of 4 rad/sec, the operation of the intecrating gyroscope in the geonetric-stabill- 
zation regime, as distinguished from its operation in the spatial-intesration re- 
gime, proceeds normally, without deteriorating in any way. It may be stated that 
the operation of the device in the geometric-stabilization regime is not subJect to 
an upper angular-velocity limit. This is in consequence of the fact that imper- 
fections in the operation of the microsyn pickoff, gyromotor, fluid damper, or the 
mechanical components of the design by which these elements are linked exert hardly 
any detrimental influence on the operation of the integrator as a whole. In any 
concrete geometric-stabilization system the upper velocity limit is imposed by the 
capacity of the servosystem to reproduce this high angular velocity and large an- 


gular accelerations. 


Section 5. Drift Analysis of Differentiating Gyroscopes 


By the angular velocity of drift of a differentiating gyroscope we mean the 
input angular velocity which would necessarily result, under ideal conditions, in 
the appearance of that output signal of the gyroscope Which is actually obtained at 
‘zero value of the input angular velocity @ . let us Lie Ueut< i to denote the 
output voltage obtained from the differentiating gyroscope at zero input anzular 
velocity “, and by © ae the angular velocity of drift which corresponis to it. It 


follows from Eq. (4.29) that in the ideal case, i.e. forM, = & = 0 and angles 


8 near zero, U. ,= K w - Proceeding from this equality, we may write 
-out - # JU 
i -out 
oes (5.33) 
Ko. Vou: 
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Accordingly, the angular velocity of drift of a floating differential gyroscope 


with a feedback circuit is 


ee Koy (5.34) 


where Fis an ie the output current of the amplifier at zero vulue of the input an- 
gular we ioeity ”. 

In accordance with the above, measurement of the drift of a floating differ- 
entiating gyroscope is accomplished by measurement of its output signal for zero 
value of the input angular velocity w. The analysis is performed in the apparatus 
illustrated schematically i. Fig. 5.5. The velocity of the platform 5 in inertial 
space about the y axis should be adjusted to zero. The corresponding angular velo- 
city * pl. rel should be equal to - “e sin @ . The occurrence of drift in a tor- 
sion-rod floating differential poecacune is a result of inaccurate assembly and 
adjustment of the device, torsion-rod hysteresis, noncorrespondence between the 
zero-points of the torsion rod and the microsyn-pickoff, etc. 

The systematic component of drift may be compensated by application of an 


appropriate current I to the microsyn torquer (if there is one). The 


oon By syst 


random drift component cannot be compensated. The drift of a floating differentiat- 
ing gyroscope with feedback may also be basically compensated in a similar manner. 
Analyses of a floating differentiating &yroscope with a torsion rod -- No. 26 -- 


showed that its « was 0.0014 rad/sec. Drift data for the differentiating 


dr 
Gyroscope Type 10", No. 55, were given in Table 5 (Chapter II, Sec. 2), 


Section 6. Drift Analysis of Integrating Gyroscopes 
a EOSSOPES 


wade By the angular Velocity of drift of a floating integrating gyroscope, which we 
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on were 


“4 


denote by ar? we mean the absolute angular velocity at which it is necessary to 
rotate the device about its input axis in order to maintain the output signal of 
the sryroscope (the voltage Wout) constant (specifically, for example, equal to 
zero) when the current Ta 0. In other words, it is the velocity at which it is 
necessary to rotate the device about its input axis in order to create a gyro- 
scopic moment equal in value and opposite in sign to the interference moment acting 
upon the floating gyroasse=>ly about its axis of rotation. Accordingly, the float- 
ing gyroassembly will be in equilibrium when the device is rotated at a velocity 
\@ with eg = O, and Deut will be constant as a result. If the device were 


ar 
‘an ideal one, i.e. if x, were zero, its w,. Would become zero. The angular velo- 


city re is the sum of systematic and random components. The systematic component 


of w is an effect of moment components My syst due, first, to imbalance of the 


dr 
floating gyroassembly vith respect to its axis of rotation and, second, to moments 
exerted on the floating gyroassembly by the leads of the gyromotor and the pickoff 
and torquer, and also to moments resulting from elastic deformation of the floating 
gyroassembly. The systemetic component of @ ae due to the second group of factors 
may be compensated by supplying an appropriate current to the control winding of 
‘the microsyn torquer. The systematic component of w ar due to imbalance of the 
floating gyroassembly, vhich we shall designate the gravitational component of the 
arite velocity ari denote by « ar. gr’ depends on the orientation of the floating 
gyroassembly with respect to the vector of the force of gravitatio.. This component 
of “ar my also be compensated if we take the above orientation into account. 

Thus the entire systematic component may be compensated by supplying the appropriate 
current to the control winding of the microsyn torquer. It is readily seen that 
this compensation does not complicate the normal operation of the device. As was 
noted previously, however, there are also random, indeterminate components of 


4 


ie ér which cannot be coupensated. These also determine the ultimate potential 


of the gyroscope. | 


F-T8-9910/Y 27% 


tC a Co ee 


As a rule, drift velocity should be 


determined with the output axis of the de- 





mu ym0% 
: re 5 vice (the axis of rotation of the float- 
5 i cre “ ing gyroassembly) in both the vertical 
: BoE ie and horizontal positions. When this axis 
rT Tt % is horizontal, the observed drift velo- 
Try city Sab. Hoe will be due to all of the 
? factors enumerated above, including im- 
: ea a balance of the floating gyroassembly with 
": Ae respect to its axis of rotation. With 
: . the output axis of the device in a verti- 
* Hy | 0 cal position, the drift velocity, Joi 





\ @ aN-ser ures URn will not contain the gravitational drift 
; o,, arl@e] : 

component, since the moments of gravity 

Fig. 5.12. Results of measurement and lift are zero with respect to the 


of angular velocity of gravitational = 
drift in 38 floating integrating ayis of rotation of the floating gyro 


pt (es se) ae : assembly when it occupies this position. 


tion; (b) graph of cumulative sums. me arift observed in this case is due to 
all of the causes discussed above with the exception of imbalance of the floating © 
gyroassembly with respect to its axis of rotation. 
Accordingiy, if and eo are known, the gravitational drift 


dr. hor dr. vert 


‘component * ar. gr is « ae. hoes ~ db. weet? In drift analyses, the device 


undergoing test 12 should be mounted on the platform 9 in the manner indicated in 
Fig. 5.2. The output axis x of the device should be perpendicular to the axis of 
‘rotation of the platform, and the input axis y should be disposed along or parallel 
to the axis of rotation of the platform. Thus the axis of rotation of the plat- 
‘form should be vertical for determination of ©, ,/. when drift is being . 


determtned with the Zo axis in the horizontal position, and horizontal vhen drift 
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tome * 


~~ 


4s determined for the vertical position of the Zp axis. The y and Zp axes should 
lie in the plane of the meridian in both cases. The axis of rotation of the plet- 
form must be situated horizontally in the plane of the meridian for determination 
oF “ar. vert’ : 

Setting I... * ¥ = O in Expression (3.103) and applying Eq. (3.34), we find 
that the relative angular velocity of the platform + ..) = -%i,, + (M,/H) for 
drift analysis. The absolute angular velocity of the platform, which is the drift 


velocity sought, is equal to 


0, @ te... MiH. 


It is evident from this, among other things, that the larger H is, the smaller 
will be the drift velocity under otherwise identical conditions. This is accounted 
for by the fact that the larger H becomes, the smaller the angular velocity * ar 
required to create a gyroscopic moment equal in value and opposite in sign to the 


moment M,- 


Thus, to determine o we mst measure the relative angular velocity w 


dar rel 


of the platform with Loon = O and add to it the transfer velocity of the platform 


a = : 

tra’ If the x and Zp exes are horizontal, w tre We sin »; when the x axis is 
horizontal and the z, axis vertical, and also when the x axis is vertical, 

era 7 Me OM: 


Given “ar we may also determine the disturbance moment My = Ho: The 
gravitational moment M, gr acting about the axis of rotation of the floating gyro- 
assembly is accordingly H @ar. er’ 


The diagrams in Fig. 5.12 present experimental values for angular velocity 


4 


of gravitational drift for 38 Type 10 floating integrating gyroscopes (Massachu- 


setts Institute of Technology) with their Zo 


graphs are constructed on the basis of 59 measurements. The lower diagram shows the 


axes in the horizontal position. The 


distribution of statistical frequencies, and the one above the distribution of 


F-T8-9910/V 276 


cumulative totals. The common aris of abscissas is calibrated in values of the gra- 
vitational component of the anguiar velocity of drift * a. gr’ in mrai/sec on the 
upper scale ani in fractions of « - (the angular velocity of the diurnal rotation 
of the earth) on the lower scale. " 

Let us recall the importance of the concepts “statistical frequency” and “cu- 
mulative total." Statistical frequency refers to the number of values of a con- 
tinuous random quantity (in our case the angular velocity « ar. gr) in each of the 
equal intervals into which the region of practical occurrence of these values is 
divided. The value of the statii.tical frequency is plotted on the ordinate of the 
point which represents the right-hand boundary of the interval in question. In 
Fig. 5.12, the region in which * ar. er values occurred in the analyses is divided 
into intervals of 0.01 mrad/sec It is pointed out that the term “continuous ran- 
dom quantity” refers to a variable random quantity which may sssume any value with- 
in a given interval. 

By cumulative total or cumulative frequency we mean the number of values of a 
continuous random quantity occurring to the left of a given point in the region in 
which values of this quantity occur in practice. The cumulative sums are calculated 
for the points which represent the boundaries of the above-mentioned intervals, 
with the exception of the point forming the left-hand boundary of the first inter- 
val. Accordingly, the cumulative sum for any given point is equal to the sum of 
statistical frequencies for all intervals lying to the left of this point. The 
cumulative sum is plotted on the crdinate of the point in question. 

It can be seen from Fig. 5.12 that 95% of all measured values of the gravita- 
tional component of the angular velocity of drift do not exceed the angular velo- 
city of the earth's diurnal rotation, while 70% are smaller than approximately one- 
fourth of this velocity. The results of measurement of the gravitational component 
oF drift angular velocity with the Zo axia in a vertical position agree with the 


data given in the graphs of Fig. 5.12. 
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Fig. 5.13. Apparatus for drift analysis of precision 
floating gyroscopes, mounted on a pee pier. 


; 


Drift analysis of integrating gyroscopes requires high-precision equipment. 
j In order to carry out drift measurements for the modern high-precision float- 
ing gyroscopes designed for use in the inertial-navigation systems of guided 
missiles, it was necessary to take extraordinary measures to insulate the test 
“apparatus from the inevitable vibrations of the building. To accomplish this it 
was necessary to mount the test apparatus on 4 specially constructed concrete pier 
built on a rock base which ‘vas buried deep underground and not in contact with the 
building. 

A photograph of an apparatus of this type used by the Minneapolis-Honeywell 
firm is showr. in Fig. 5.13. The apparatus in which the gyroscopes are drift-tested 
is mounted on the pier. It must be noted that as floating gyroscopes of even high- 
er precision are developed, the problem of insulating the test stands from the 
, various possible types of vibration and accidental shock grows considerably more 
‘ complicated. 


> 
or 
‘ss The creation of stable, high-precision feed sources is @ very important 
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and difficult matter. 


Section 7. Dynamic Testing 


The general procedure for determining the dynamic characteristics of floating 
gyroscopes consists in the following: a certain input sicnal is supplied to the in- 
put of the gyroscope, i.e. the input quantity of the gyroscope is varied according 
to a definite pattern, and the resulting variation of the output quantity of the 
gyroscope with time registered with the aid of an oscillograph. Inferences con- 
cerning the dynamic properties of the gyroscope are made on the basis of the curve 
obtained in this way, and the parameters which characterize these properties of the 
gyroscope are determined. Either the input angular velocity © or the input cur- 
rent I, of the gyroscope (the curn:nt supplied to the secondary winding of the 
microsyn-torquer) may serve as the signal delivered to the input of the gyroscope. 

The input signal (the input quantity) is varied in such a way as to produce an 
output curve from which it will be possible to ascertain the dynamic properties of 
the gyroscope. Step-displacement, pulse, uniform-sinusoidal, and certain other 
modes of {nput-quantity variation are most suitable from this standpoint. We pro- 
ceed now to consideration of the reactions of floating gyroscopes to step displace- 
ment of input angular velocity as a means of determining the parameters which 


characterize their dynamic properties. 


Analysis of Integrating Gyroscopes 


It 4s evident from Eq. (3.24) for the floating integrating gyroscope that its 
dynamic properties are characterized by a single parameter, namely, the time 
oe ee: Se Re ig a, Be: oe Sede: 


F-78-9910/¥ 279 


ap 


qt 


=> 


constant T. The time constant is most conveniently determined from the curve of 
the transient process which occurs upon step displacement of the input angular velo- 
city #, Let us consider how this is done. 

The analysis is conveniently performed in the apparatus represented = em- 
tically in Fig. 5.5. The flcating integrating gyroscope 4 undergoing the test is 
mounted on the rotary platform 5 in a common thermostat 3 with the floating inte- 
grating gyroscope 2 which is functioning as a component of the turntable apparatus. 
The input (measurement) axis of the test gyroscope should be parallel to the y axis 
of rotation of the platform 5. The platform is set into rotary motion with a cer- 
tain constant angular velocity @ by che procedure described earlier. In this meth- 
od, the control winding of the microsyn-torquer is supplied with an input current 
Zeon such that the output signal of the gyroscope (the voltage Vout) remains equal 
to zero within the limits of the accidental components, which cannot be corpensated. 
Under these circumstances, the gyroscopic moment and the systematic component of the 
moment My are in equilibrium with the moment M, of the microsyn torquer. The in- 
stant Fegietration of the transient process veging, the input current dk is 
switched off, with ‘the result that the floating gyroassembly is freed from the in- 
fluence of the moment M,- In this way the test gyroscope is subjected to a step- 
displacement reaction of the angular velocity at which the platform 5 is rotating. 
The transient process which results from this -- 4 variation in time of the output 
voltace Vout of the test gyroscope -- ‘s recorded with the aid of the oscillograph. 
For exposition of the procedure by which the time constant T is determined from the 
curve of the transient process, we will refer to Eq. (3.24). In our case the ac- 
celeration ¥ = 0. 

Up to cutoff of the current I, the entire right-hand member of Eq. (3.24) is 
equal to zero; the voltage Use {se likewise zero within the limits of the random 


components, which are not subject to compensation. The voltage UL which is 


ut? 


governed by the input anguler velocity « | is meravred after cutoff of the Tags 
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current. As seen from Eq. (3.24), however, this voltazse will also be a function of 


1 
the moment M, and the derivatives 4 t and 4 a The dependence of Lae 


on M 


1 on Ps 


could have been elisinated by application of a suitable current I xf , 
=con -con. comp 


but this would have complicated the procedure, since it would necessitate effecting 
a momentary drop in the value of the current to Ten, comp instead of r complete 


cutoff. Moreover, the application of a current I would merely compensate 
=con. comp 

the influence of the constant components of the moment Mi, whose presence does not 

produce errors in the determination of the time constant T from the experimental 

graph of the transient process. 


' 
Thus it is more convenient in practice to make 4 and the term containing 


t 
M, negligibly small in comparison with the term éonted antag » . The velocity @ 
iat be sufficiently high to fulfil this condition. Assuming that this condition is 
met and the current Dae is completely cut off, and also considering the term con- 
taining ov negligible by comparison with unity, we may rewrite Eq. {3.24) in 


the form 7 
TU + UL, Ket ® 


Integrating this equation with the assumption that at the instant t = 0, when 
the current loon is switched off, Uout = Uae =, and that the input angular velo- 
city instantly assumes a value & , we obtain an equation which describes the tran- 


sient process resulting from step displacement of the input angular velocity; 


v okie Blea.) (5.35) 


It will be seen from this equation that if the time constant T were equal to 


gero, the transient process would be determined by the equation 
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UL = Kee ut. (5.36) 


In this case the voltarce Ue would increase as a linear function of time. 
This relationship {s represented graphically by the broken line in Fig. 5.14. With 
rT yO, the graph of the transient process takes the form of the curve indicated by 
the heavy line in Fig. 5.14. This curve is asymptotic. Le:ting * —pee@ein 24. (5.3), 


we obtain the equation of the as;mptote in the form 


U.., = Kod, #(t—T). (5.37) 


It follows from this equation that the asymptote cuts off a segment on the 


axis of abscissis equal tc the time constant T expressed in corresponding units. 







5. 
3 





Fig. 5.14. Transient process in float- Fig. 5.15. Oscillogram of transient 


ing integrating gyroscope upon ste) process in Tioating integrating fyro- 
displacement of input angular velocity scope of Type 10°, No. 79, upon step 

: @ . 1) For T=0; 2) for T¥0; 3) displacement of input angular velo- 
asymptote of curve of transient pro- city w. 


cess for T #0. 


This fact may also be used to determine the time constant T from the curve of the 
transtent process obtained experimentally by the procedure described above. The 
lope of the asymptote is equal to the slope of the straignt line which represents 


the transient process for T=0. 
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Figure 5.15 shows the experirental transient-process curve which appears upcn 
step displacement of the input angular velocity w for a Type 10" floatin: inte rat- 
ing gyroscope, No. 79, as obtained by the above procedure. The troken line tt 
drawn parallel to the asymptote and represents the curve of the transfent process 
which would occur for T=0. We find from the curve that the time constant T for 
the gyroscope in question is 0.0027 sec. 

This experimental value for the time constant T {5 larger than its calculated 
value, which is 0.0017 sec. Similar results in the sense of increased time-con- 
stant values (with reference to their calculated values) were also obtained in tests 
of other devices of the same type, but larger in dimension. The cates of the time- 
constant ircrease are not yet fully explained. The basic factors are apparently 
the following: 

1) The shatt of the gyromotor rotor, the housing (frame) of the gyroscope, 
and the axis of the floating gyroassembly are to a certain decree elastic, rather 
than absolutely rigid, which gives rise to a lag in the transmission of moments; 

2) the presence of play in the bearings; 

3) the time lag inherent in the electrical measuring equipment used to measure 
and record the output signal (the voltage Vout)* 
| It is noted that since the integrating gyroscope poss:sses a large specific 
damping moment, moderate changes in temperature cannot produce any essential changes 


in its dynamic characteristics. 


Analysis of Differentiating Gyroscopes 


. It is evident from Eqs. (4.15) and (4.65) that the dynamic characteristics of 
| 
differentiating gyroscopes of both the torsion-rod and feedback types are deter- 


mined by two parameters: the angular frequency of free undamped vibration ° 0 


¥-T3-9910/Y 283 


and the dimensionless damping ratio b. It follows from Eq. (4.43) that the dyna- 
mic properties of differentiating cyroscopes may also be characterized by the two 
time constants T> and T)- The parameters "6 and b or the corresponding T) and 
Tt, may be determined from the curve of the transient process which results from 
step displacement of the input angular velocity #. The analysis is performed in 
the apparatus reprecented schematically in Fig. 5.5. As before, the test gyroscope © 
is the one keyed with the numeral 4. A certain constant angular velocity w is 
imparted to the platform 5; as in the analysis of the integrating gyroscope, this 
must be sufficiently large to render insignificant the influence of My & , and the 
derivatives of 4 on the transient process. In analyses of sneiinnaih differentiat- 
ing gyroscopes, which do not have (microsyn) torquers, the step displacement of 
the input angular velocity # is brought about by abrupt reduction of this velocity 
from a value equal to the angular velocity of the platform to zero, which results 
in sharp deceleration by means of special mchanical devices. 

In the case of differentiating gyroscopes with feedback circuit, step dis- 
placement of the input angular velocity # is accomplished, as with the integrating 
gyroscopes, by switching off the current Thus the differentiating gyroscope 
with torsion rod is tested on the basis of step-displacement nullification of the 
input angular velocity #, and the feedback gyroscope on the basis of the step- 
displacement appearance of this velocity. The transient process, the time-curve of 
‘the voltage , is registerei in either case by means of an oscillograph. 

Figure 5.16 shows the experimental curve (oscillogram) of the transient pro- 
cess which occurs in a Type 10" floating differentiating gyroscope (No. 55) upon 
step displacement of its input angular velocity, as registered by the above method. 
The transient process is of the character of a damped harmonic vibration. Thus the 
dimensionless damping ratio is b€1 for this gyroscope. Let us derive formulas 


‘for determination of the values of b and from the transient-process oscillo- 


oe 
0 
gram. It is known that the period of damped harmonic vibrations is given by 


— ee _ 
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and the damping decrement by 
+? | 
—vww 
D=e = 


Substituting the value of Ty in this and solving the zesulting expression for 


" =) (5.38) 
aD 


b, we obtain 














If b is known, we obtain 


of {eae (5.39) 


In order to compute b ani ae" 
from Formulas (5.38) and (5.39) it 16 nec- 
ecsary to know Ty and D. The period Ta 
is determined directly from the transient- 
process oacillogram. To establish D on 


the basis of the oscillogram we determine 





: the values Ao» Al, Agere -- the amplitudes 
Fig. 5.16. Oscillogram of transient 
process occurring in floating differ- of the initial and succeeding half-waves. 
entiati gyroscope with torsion rod 

(Type 104, No. 55) upon step displace- Then the formula is employed to calculate 
ment of input angular velocity. 


Danes = “2H (n= 01,2, sas (5.40) 


the values of the damping decrement for each pair of successive amplitudes. The 
is taken as the damping decrement D. 


arithmetical mean of the values D 
; -Q, n+l 
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Knowing ° 0 and b, we may compute the time constants To and qT) from Form:lus 
(4.44) and (4.45). 


Referring to Fig. 5.16, we find that 


Tyne oO sec, A. 32, A\™ 7, A, = 3. 
According to Formula (5.40), 


at = 2 ae = 
Do,1 [yo +2195 Dy 5 [= 0-429. 


The value of Dj) ,2 is nearly double that of Poi The most immediate explana- 
tion for this is the influence on the vibration of the gyroassembly of the moments 
My» the voltage 4 and its derivatives, and also of the errors of the measuremer.t 
egpaa tla: Consequently, we shall not take Di 2 into consideration in determining 


the values of v and but shall consider 


"o 
D = Po* w 0.219. 


Substitution of this vaiue for D in Formula (5.38) ytelds 





lReferring to Formula (5.39), we find that 
| 
2 
; " 0.000 7 120,362 = 158.5 eee * 
‘Consequently, 
wz 1. ge 1585._ : 
fom 2 a FE = 82 0 


According to Formulas (4.44) and (4.45), 


= “so sec 
2 20.49% _ 
7, ‘ ae ee paca. 


The experimental value for the natural undamped-vibration frequency Lo was 


\ 
~ found to be higher than its calculated value of 19 cps. Thus the: experimental 
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value of the time constant 15 1s found to be smaller than its calculated value, 


which was 0.0084 sec. The experimental value of the dimensioniesa darping ratio b 
is approximately 30% lower than its theoretical vaiue, while the time constant Ty 


is approximtely half its theoretical value. The discrepancies between the experi- 
mental and calculated values of fo Tos b, and Ty are expleined by the fact that 
their calculated values do not include the effective values of the raifal clearance 

8 of the damper, the moment of inertia J, and the rigidity k of the torsion rod; 
the failure of the computation formulas to take into account secondary factors which 
influence the vibration of the floating gyroassembly, and the errors of the test 
apparatus. 

Figure 5.17 shows the experimental curve (oscillogram) obtained by the above 
procedure for the transieri process which occurs upon step displacement of the input 
angular velocity of a floating differen- 
tiating gyroscope with feedback circuit 
formed from a floating integrating gyro- 
scope of Type 10" (No. 79). The transient 
process is aperiodic (monotonic) in na- 


ture. Hence the dimensionless damping, 





ratio b >1 for this device. 
Fig. 5.17. Oscillogram of transient 


process in floating different‘ating Tf the anticipated value of the di- 
@yroscope with feedback circuit on 

step displacement of input angular mensionless damping ratio b € 2, C. S. 
velocity. 


! Draper recommends the use of graphs of the 
eyes shown in Fig. 5.18 to determine its value, and also the value of the arzular 

frequency of natural undamped vibration 7” oO fror the curve of the transient pro- 
tess which accompanies step displacement of the input quantity. We note that these 
graphs are suitable for both nonoscillatory and oscillatory transient processes (for 


0.5 Qo 2). Let us consider how the graph shown in Pig. 5.18 is applied. From 


ea St Ol Pa El ae sh ct Ee, 
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parent 


the graph of the transient process, we determine the three time values (denoted by 


ty» to» and t;) at which the output quantity x1, becomes equal to 


2 
a) for the transient process which occurs when the output quantity; is step- 


reduced to zero (Fig. 5.19a): 


= 0.736 x 


%1 out =0 out’ 


Xo out 7 0.406 Xo out’ (5.41) 
*3 out * 0.199 Xo out’ 


where xX is the steady-state value of the output quantity at the moment at 


-0 out 
‘which the step-displacement reduction of the input quantity occurs (i.e. at the in- 


stant t =0); 


b) for the transient process which occurs when a constant value is imparted to 


jthe input quantity by step displacement (Fig. 5.19b): 


21 out ™ 0.264 Sout sdy’ 


= 0.594 x (5.42) 


| %2 out =out sdy’ 
¥3 out ~ 0-801 xout say? 





Sout edy is the steady-state value of the output quantity which is established 


poe x 
after step displacement of the inpit quantity to a constant value. 


The next step is to determine the ratios 


| t t t, =- t 

-2 =3 - = e 

| t, *¢t <2 = (5.43) 
4 





-l -1 -3 7 -1 


Then the dimensionless damping ratios b are determined for each of these ratios 


‘from the graphs shown in Fig. 5.18, and their arithmetical mean taken as the experi- 
| 
( 
mental value of b. 
The graphs in Fig. 5.18 are used to determine the values of the products 


%oty ot yt (5.48) 


vel, Vole, Vols, 


Piadeara te 





Fig. 5.18. Graphs for determination of band » 
from oscillogram of transient processes with 


O5¢ b ¢e2. 
which correspond tc the values of the ratios (5.43) at this value of b. This yields. 
three values for the angular frequency of natural undamped vibration "9 equal to 


mek wets goth (5.45) 


The arithmetic mean of these values is taken as the experimental value of "o° 


=, z 
x mai 7 eet ad i. : 


ms. Co —: 
oo pea 
= rs -—— 
i ' i, , 
‘se fy by G 4 


Fig. 5.19. Determination of values for t,, t., and t.. 
(a) For step-displacement reduction of input quantity? 

7 : (bo) for step-displacement application of constant in- 
put quantity. 


Referring to the transient-process oscillogram shown in Fig. 5.17 and applying 
Formulas (5.42), ve obtain t, = 0.0136 sec, tp = 0.0339 sec, t, = 0.0553 sec. 


Computing the ratios (5.43), 
t t t - t 
2.5, — =4.1, ti. 


ty ty to - fy 
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Referred to the curves in Fig. 5.18, these ratios give db) = 1.8, b, # 1.62, 


b, = 1.2. 
b, = 1.2 


The value for b, will not be taken into consideration, as it differs signifi- 


Then the value of b becomes 


cantly from by and bo: 
ite | 1.8 + 1.62 52 
d a 3 7. 


Referred to the curves in Fig. 5.18, this value of b yields ” ote = 3-15,¥9t, = 5.4, 


According to Formas (5.45), 


ten Fn ais =92.9 rad /sec, 


Yt =976 rad feec. 


Let us assume 
wee + ys 92.94 97.6 
1 3 = == 95,3 rad/ Sec. 


Consequently, a 


Thus the undamped natural vibration frequency fp for the feedback differential 
gyroscope analyzed is 15.2 cps, and its dimensionless damping ratio b is 1.7. It 
would be desirable to have b = 0.7 to obtain proper dynam: properties in the device. 
me value of b may be reduced by the methods discussed earlier. It should be noted, 
however, that a gyroscope with a dimensionless damping ratio b = 0.7 could no longer 
be used as an integrating gyroscope, since it would have an excessively large time 


constant T. 
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CHAPTER VI 


INERTIAL SYSTEM OF NAVIGATION 


Section 1. General Outline 


« The inertial system of navigation is a method of automatically and semt-auto- 
matically guiding aircraft and guided missiles, and directing them towards their 
target. The chief feature of the system is that it is completely self-contained 
and is not dependent on any ground equipment. The inertial-system instruments in- 
stalled in the moving object make it yossible without any contact with the ground 
or any orientation with respect to celestial bodies to direct the object to its 
target solely on the basis of Newton's ie of motion in absolute (inertial) space. 
The inertial system of navigation is based exclusively on equipment installed in 
the aircraft or guided missile. This equipment measures distance and direction 
without the use of optical or magnetic radio communication, or any other contact 
with the earth or the celestial bodies. 

In the United States the inertial system was originally developed for use in 
medium-range guided missiles as well «s in conventional piloted craft. But the 
system is chiefly intended for long-range guided missiles. 

The inertial system of navigation hes several important advantages ove: con- 
ventional systems. The main advantages are its invulnerability to intenticncl 
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interference, the absence of any need for ground equipment, and the absence of radia 
emissions, making it difficult for the aircraft or rocket to be detected by the 
enemy. At the present stage of development tie weight of the inertial navigation 
equipment installed in the aircraft or rocket, according to American sources, varies 
between 34 and 900 kg, depending on the purpose, accuracy required, and time needed 
to complete the task assigned. 

The inertial system of navigation consists of roughly the following familiar 
instruments: gyroscopes, accelerometers, computing devices, and vorvodrives. 
They are all used in one form or another in modern aircraft. In an inertial system 
of navigation, however, the demands made upon these instruments are considerably 
wore complex. The chief requirement is great accuracy. The accuracy required in 
the manufacture, adjustment, and maintenance of the set parameters of inertial- 
system dnstruments is so great that it can only be compared with the accuracy of 
precision inetruments in the laboratory. At the same time this equipment must 
‘operate correctly under conditions where there are great changes in the surrouniing 
temperature and under the conditions of vibration and shocks which occur in high- 
‘speed aircraft and rockets. 
! Any inertial system of navigation is basically 4 device for reckoning the 
path traversed by the object from the point of departure to its point of destina- 
tion. For the system to be effective the geographical position (longitude and lati- 
‘tude or equivalent Zata) and the departure and destination points have to be known. 
‘These data have to be incorporated into the system in the right way. From what has 
or gaid it follows that the inertial system of navigation cannot home the object 
it is guiding (for instance, an aircraft or rocket ) onto a moving target unless 
let the final homing stage some other automatic searching device working on & dif- 
ferent principle is used (radar, infrared etc.) 
{ 


| 
position of the guided object and on the location of the point of destination is 
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An opecuting inertial system of navigation supplied with data on the initial 
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able to determine and produce the fcllowing data: the geographical position of the 
moving object, the ground speed, tie distance already traversed and the distance 
left to the point of destination, the direction of the point of destination, and 
the position of the aircraft or rocket with respect to the plane of the horizon. 
Given these data, it is comparatively easy to work out a system which will emit 
command signals that can be fed to the automatic pilot of the craft to ensure acto- 
matic flight to the pofnt of destination. Thus, this system of navigation can di- 
rect a guided object from one fixed point to anotner. In its purest forn, as 
pointed out, it isa self-contained system unconnected with any devices outside the 
guided object. In its ideal form it should work at any point on the globe at any 
time and in any weather. It should be completely insensitive to any outside inter- 
ference, either random or intentional; it should be accurate and reliable, and 
should be able to make unlimited deviations from the planned course and ensure 
guidance of the object at any height. In its completed form the system must ensur: 
accurate guidance of the aircraft or rocket from a certain point to another point 
of destivation or to any subsequent points on the earth's surface along any chosen 
path. The path may be predetermined or decided during flight. 
A system answering this specification will not require complex ground equip- 
mec either at the point of departure or along the line of flight. The only ground 
equipment necessary is the instruments used to determine the geographical coordi- 
nates of the launching point. Information regarding the coordinates of the point of 
destination will also be required. 
The inertial system of navigation should not be confused with navigation by 
the stars or with automatic computing systems for dead reckoning. 
The distinction between the inertial system of navigation and navigation by 
the stars (astronavigation) is obvious. When flying at a low altitude in bad 
Weather the possibility of using astronavigational equipment is limited whereas 


this is not the case in inertial navigation. 
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The computing instruments for autcmatic deal reckoning (aviagraphs), which 
have now been in use for several years, provide data similar to those supplied by 
the inertial system, but they carry out the comprtation using entirely different 
input signals. The automatic dead-reckoning computers receive indications of the 
air speed from the speed data unit. The signals are automatically corrected for 
drift by means of a radar unit using the principle of the Doppler effect. The 
actual speed, thus measured, 4s broken down by means of coordinates into southern 
and northern components which are then integrated with respect to time. In this 
way data is obtained on the distances traversed in the North-South and East-West 
directions. Other automatic dead-reckoning systems do not use the air-speed indica- 
tor and rely entirely on radar readings. 

Without radar measurement cf the ground speed by the use of equipment in the 
flying object (aircraft or rocket), the work of the computer will depend on the 
detion of the air pressure recorder used to measure the air speed. But the use of 
air pressure recorders in high-speed aircraft, and all the more so in guided mis- 
siles, involves many difficulties. In practice it 4s impossible in such cases to 
pbtain exact data on the speed and conti:uous data on the drift relative to ground 
ae a great height without using external radiation, which involves the danger of 


lantentional interference or detection. 
\ 


| The inertial system of navigation uses a completely different method of pin- 
pointing a moving object, eliminating the need for data on the movement of the ob- 
ject relative to the stars cr the earth obtained by optical, radar or other means. 
4 


' 
‘ 


Section 2. Working Principle of Inertial System of Navigation 


‘ fhe working principle of any inertial system lies in measurement of the 


acceleration of a moving object. As is known, the only value describing the motion 
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of e body in space which can be measured inside tie body is the acceleration. By 
continuous measurement of the acceleration it {is possible to obtain initial data 
with which to determine the velocity and path. The acceleration of a movin obfect 
can be measured with an instruzent called an accelerometer. 

The velocity of a moving object is the integral of the acceleration with 
wespect to time, and the distance traversed is the integral of the velocity with 
respect to time. Thus, the distance can be expressed as a double integral of the 
acceleration with respect to time. Let us assume, for example, that there is a 
power truck standing on a straight section of railway track. We will equip it with 
an accelerometer which can measure its acceleration in the direction of motion, and 
two integrators 5 and 6 (Fig. 6.1). We will attach a device with contacts to the 
integrator output cehaft which turns to form an angle proportional to the distance 
traversed; one conu.ct must be connected to the integrator shafi and the otler to 
the instrument housing. We will turn the second contact with respect to the first 
contact to form an angle corresponding to the prescribed path of the truck. 

When the truck begins to move the accelerometer immediately begins to mea- 
sure the acceleration and the output shaft of the second inte,rator turns, forming 
mn angle proportional to the distance traveled. As soon as the truck has traveled 
the predetermined distance, the contact device is actuated, switching off the motor 
and stopping the truck. Thus the truck reaches a set point, guided solely by 
waudowent installed inside it and without any contact with the outside; the exter- 
nal conditions, on which the velocity of the truck is dependent, may differ (for 
instance, head wind, variation ‘n the contact circuit voltage), but none of them 
can affect the halting of the truck at a given point along the track. This example 
illustrates the simplest inertial system with one degree of freedom, and shows that 
3t is possible in practice to direct the gutded object to a fixed point by pre- 
viously setting the instruneits for a given distance; the operation of the instru- 


ments does not in any way involve the direct measurement of the verona by contact 
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with the rails or other externn] means. 
The measurement — the dead reckoning — is 
made here by means of self-contained 

equipment instalied in the moving object 


and is nct connected with tiic surrouniin; 





medium. This principle of measurin; and 
integrating the acceleration is the basis 
Fig. 6.1. Accelerometer and in- 

tegrator. 1) Accelerometer hous- of present-day s;stems of inertial navi- 
ing connected to moving object; 

2) springs; 3) mats; Ly tentio- gation. 

meter; 5) and 6) first and second 

integrators. 


Section 3. Problems of the Practical Application of the Inertial 
Navigation 3ystem 


In an elementary example of the inertial guidance of an object along a 
| 
straight line, it is enough, as pointed out, to equip it with a single accelero- 
| 
meter to measure the acceleration acting in the direction of motion. 


If it is necessary to furnish inertial guidance to an object moving ina 


plane along two mutually perpendicular axes, we shall require two accelerometers 
and two pairs of integrators. Each accelerometer with its two integrators will in 
the given case control the movement of the object along its own axis. 

If we now imagine an inertial system of navigation intended for aircraft or 
rockets with as many as six degrees of freedom and capable of flying in different 
positions, further problems arise in connection with tie choice of vorking prin-~- 
ciples and the development of the essential units o7 the system, and also in con- 
nection with ensuring that they onrate with a very high degree of accuracy. An 


aviation inertial system must contain two or three accelerometers to determine the 


corresponding acceleration of the aircraft along two or three mutually perpendicular 
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axes (e.g. S-N, W-E, upward-downward ). The output signals from the accelerometers 
may be integrated b, sepirat: integrators or in certain cases by integrators which 
are part of the accelerometers themselves. 

We will take it from now on that the inertial system contains two accelero- 
meters -—- one to measure the acceleration fy in the direction S-N, ani the cther to 


measure the acceleration % in the direction W-E. The rorthern and southern accel- 


erations are considered positive. For the acce-erometers to measure the given 
accelerations, they should be installed on a horizontally stabilized platform per- 
manently orienta‘ed with respect to the line S-N. The measurement axis of cne ac- 
celerometer liege along the line S-N, and the other along the line W-E. We will 
call the first one the northern accelerometer and the second one the eastern ac- 
celerometer. Since the accelerometers cannot distinguish the acceleration of the 
moving object, which they are intended to measure, from the acceleration of gra- 
vity, which they are not supposed to measure, even 8 slight deviation of the plat- 
form with the accelerometers from horizontal may give rise to large errors. The 
proper orientation of the platform and accelerometers relative to the S-N and W-E 
axes or relative to some other initial system of coordinates selected must also be 
strictly maintained. 

‘Tne northern and eastern velocities of the objecs relative to the ground (see 


Fig. 1.13) are determined by continuous integration of the accelerations ¥ and ¥v 


Ty -E 
effected by the integrators. Thus, with zero initial conditions 
e 
<=) ee (6.1) 
‘. 
et (6.2) 


{ 
Tne distance L, and L, traversed by the object in the northern and southern 


directions are obtained by continuous integration of the velocities YN and Ye 
| cs re 
With zero initial conditions 

| 


{ 
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¢ ¢ 
Li«= J v,dt, L.= 5 0, dt. 


The true course of the object Ky can be determined by a computing device on 
the basis of the equality; 


con kK wu 2k . 


Dropping in Formula (1.12) the minus sign, which depended on the choice of 


the direction of the & axis (Fig. 1.13), we find that the rate of change in lati- 


tude is 
en, 
‘inteaentune, we obtain : 
rane a (ett (6.3) 


where # > is the latitude of the launching point. 


Tuis integration 1s carried out by the second northern acceleration integra- 


: \ 
i tor. Substituting into (6.3) the value of Yn emitted by the first northern accel- 
| = 
eration integrator and determined by Eq. (6.1), we find 
| ee 
i ° ° 
| monty [foe (6 4) 


| 
Thus, the latitude of the position of the object is determined by double integra- 


‘ton. of the northern acceleration. The value '? o 18 introduced into tne system at 


the take-off. 


Let us see how the longitude A of the position of the object is determined. 
| 
To obtain the rate of change in longitude determined by Eq. (1.12), the eastern 
velocity signal emitted by the first eastern acceleration integrator and the lati- 


| 
jtude signal emitted by the second northern acceleration integrator are fed to an 


‘automatic computing device which calculates { from Formula (1.12). Thus, the 


| 
‘computing device output emits a signal indicating the rate of change in longitude 


+ ! 
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Reor¢ (6.5) 


This signal is fed to the input of the second eastern integrator which continuously 
integrates Eq. (6.5). Thus the second eastern integrator calculates the longitude 


of the object's position from the formula 


mat | ae ay (6.6) 


Reose 


where X, is the longitude of tie launching point {ntroduced into the system at the 


0 
take-off. 


Consequently, the longitude A is determined by double integration of the 


¢t 
hats + | Roos 


The distance and direction required to the point of destination are calculated 


eastern acceleration, i.e. 





3 foace. (6.7) 


by spherical trigonometry by the automatic computing device which receives signals 
from the acceleration titecrator’. In addition, the inertial system of navigation 
continuously and automatically determines the angles yp, Jg@ and y (see Fig. 
1. 6), describing the object's position with respect to the planes of the horizon 
Na meridian, knowledge of which (1n addition to knowledge of the distance and re- 
ute direction to the point of destination) 1s essential for automatic guidance 
of the object by means of an autopilot. 


It will be clear from the foregoing that for the practical implementation of 
the inertial navigational system the first essential is a triaxially stabilized 
platform which maintains its horizontal position with a great degree of accuracy 

se is permanently orientated with respect to the line S-N. Let un suppose that an 
s debart takes off at the equator (Fig. 6.2) and that the stabilized platform e 
with the acceierom ers mounted on it inside the aircraft is horizontal at take-off. 


If the platform is to continue to maintain faithfully in inertial space the posi- 


tion in which it was set at take-off, when the aircraft moves along the meridian 
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through, let us say, the angle @ , the platform will incline towards the horizon 
3 by angle # . Hence, for the platform to remain horizontal during any movement of 
the aircraft with respect to the earth, it must be stabilized not with respect to 
inertial spacc, but to the plane of the 
horizon. In other words, the position of 
the platform with the accelerometers wien 
the geoyrapnical coordinates of the air- 
craft change must also be changed in such 
a way as to remain horizontal and perna- 


nently orientated relative to tne line 


5-N. 





A similar problem is encountered in 

Fig. 6.2. Platform with accelerometers 
| im an aircraft. 1) Aircraft at take- the conventional gyrohorizon in which the 
' off point; 2) platform with accelero- e 

meters; 3) position of aircraft after verticality of the direction of the gyro- 
‘ movement along meridian through angle 
@; 4) position of platform stabil- scope spin axis must be maintained during 
| 4ged in inertial space; 5) position of 
horizontally stabilized platform. arbitrary movement of the aircraft rela- 


tive to the ground. The problem in the gyrohorizon is solved by using a small cor- 
wacise pendulum (or some similar arrangement) which serves to determine the direc- 
tion of the vertical and to switch on the slave motor which sets the gyroscope ‘spin 
axis in this direction. As is known, however, when lensthy turns are mate, the 
“reohertesh does not show the true vertical. The reason for this is that the cor- 
rection pendulum deviates bee vertical under the influence of the transfer forces 
of inertia. The gyroscope also deviates from vertical in its wake. 

. Unfortunately, in inertial systems of navigation intended for high-speed air~ 
graft and rockets it is impossible to use a simple pendulum arrangement to deter- 
are the true vertical and keep the stabilized platform in an exactly horizontal 
position. The reason for this is that the pendulum will be affected by the trans- 


4 fer forces of inertia and made to deviate from the true vertical. Thus if the 
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accelerometers are to work properly, the stabilized platform musi always be hori- 
zontal. and must be orientated invariably with respect to the S-N line. Unless the 
platform is horizontal the accelerometers will start measuring, Lesides the accel- 
eration of the object, the projection of the acceleration of eravity onto the pinne 
of the platform. For example, if the platfours. swings from the horizontal through 
1l', the effect of the projeciion of the acceleration of gravity onto the plane of 
the platform may cause an errcr in determination of the @istancc of 18.5 km by the 
end of an hour's flight. 

let us consider the two main methods of ensuring the desired direction of the 
measuring axes of the accelerometers used in the inertial system of navigation. 

In the first method the accelerometers 8 and 9 (Fig. 6.3) are situated on the 
platform 7 which 1s mounted in the frame 6 on the gyrostabilized platform 1 ori- 
entated permanently in inertial space so that its ~' axis 1s parallel to the earth's 
diurnal rotation. For the sake of simplicity the gyrostabilized platform 1 in Fig. 
6.3 has been drawn without the gimbal in which it is mounted. The platform is 
shown diagrammatically in Fig. 1.21, and its operation is dealt with in Chapter I, 
Sec. 7. The ¢€' axis in Fig. 6.3 corresponds to the C axis in Fig. 1.21. Since 
‘the platform 1 remains permanently orientated in inertial space, the floating gyro- 
scopes used on it should operate in the geometrical-stabi lization regime. 

The platform 7 with the accelerometers has two degrees of freedom with re- 
spect to the platform 1; one is rotation about the t' axis together with the frame 
6, and the other is rotation about the £ axis with respect to the frame 6. Rota- 
tion of the platform 7 about the E axis 1s effected by the servodrive 10 controlled 
by the output signal of the second northern accelerometer 12. Rotation of the 
frame 6 about the (' axis is effected by the servodrive 16 controlled by the sig- 
nals emitted by the clock 14 and the computing device 4. The £, », and C 
axes are permanently fixed to the platform 7 and am: similarly orientated to those 


in Fig. 1.13. The & axis is the measurement axis cf the eastern accelerometer 8, 
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end the measurement axis of the northern accelerometer 9. 
In order to understand how in the given system the horizontal position and the 
desired orientation of the platfcrm 2 in the aximuth are maintained, let us look at 


Fig. 6.4. Let us consider that the take-off point of the aircraft 4s located on 





gyrostabilized platform orientated permanently in inertial space. 1) Gyro- 
stabilized platform orientated permanently in inertial space so that the 
{' axis is parallel to the axis of the earth's diurnal rotation; 2) lon- 
g@itude indicator; 3) second eastern-acceleration integrator; 4) computing 
| device; 5) first eastern-acceleration integrator; 6) frame; 7) platform 
with accelerometers; 8) eastern accelerometer; 9) northern accelerometer; 
| 10) servodrive; 11) first northern-acceleration integrator; 12) second 
northern-acceleration integrator; 13) latitude indicator; 14) clock; 15) 
| summation device; 16) servodrive of frame 6. 
' 


| Fig. 6.3. Diagram showing principle of inertial navization system with 
| 


the equator (in Fig. 6.4. the aircraft is not shown). The gyrostabilized platform 
1 is mounted in such a way that its {' axis is parallel to the axis of the 
earth's diurnal rotation. The platform 2 with the accelerometers is set horizontal 
at the take-off. Since the platform 2 is mounted on the platform 1 gyrostabilized 
dn inertial space, to prevent disturbance of the horizontal position of the plat- 
from 2 through the earth's diurnal rotation, it is essential to turn it in inertial 
\ 


space about the f* axis at the rate of the earth's diurnal rotation, i.e. ata 
yate of 15°/hour. This rotation is effected by the servodrive 6 (in Fig. 6.3 it is 
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marked item 16) controllei by tre clock 7. In such a case the platform 2 on the 
equator will remain horizontal. In Figs. 6.3 and €é.4 the §€ ', @ and ¢ axes 


have the same meaning. 





pig. 6.4. Diagram illustrating integral correction: 1) gyrostabilized 
platform orientated permanently in inertial space 60 that the £' axis is 
parallel to the axis of the earth's diurnal rotation; 2) platform with ac- 
celerometers; 3) northern accelerometer; 4) northern integrators; 5) ser- 
vodrive; 6) servodrive; 7) clock. 


| 
\ 
| | 
| let us suppose that the aircraft has begun to move uniformly along a meridian 
ae a northerly direction in such a way that the northern acceleration is Vy 7 QO. 
When the aircreft has moved through a small angle 4 @ , the platform 2 tahoe 
longer horizontal since it has maintained its original position in inertial space. 
As a result, the projection of the force of gravity vill begin to act on the mea- 
gurement axis # of the northern accelerometer. Tne accelerometer will send a 
signal to the first integrator which, in its turn, will send one to the second 
integrator (in Fig. 6.3 the two integrators are represented by a double integral 
sign). The signal from the second integrator output sets going the servodrive 5 


bitem 10 in Fig. 6.3) which begins to turn the platform 2 to @ horizontal position. 


As a result, a regime is established in which the second integrator output emits a 
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constant signal ensuring that the servodrive 5 (Fig. 6.4) keeps turnin: platiorm 2 
about the — axis (Fig. 6.3) at a rate equal to the rate of change, w, in the lati- 
tude. Hence the platform 2 stays horizontal the whole time. The signals fron the 
accelerometer and the first integrator will be zero at this point. This method of 
keeping the platform horizontal is conventionally called intezral correction. In- 
tegrai correction ensures the horizontal position of the platform in similar faunion 
when the aircraft is moving with en acceleration of v In this case the signals 
from the accelerometer and the first integrator will Os longer be equal to zero, 
and the signal from the seccnd integrator will not be constant. 

Let us go back to Fig. 6.2. The northern accelerometer signal is twice inte- 
grated by the integrators 11 ani 12. The output signal of the integrator 12 is 
sent to the servodrive 10 and to the latitude indicator 13. The latter shows the 
aircraft's latitude. The first window shows whether the latitude is northern (by 
the letter N) or southern (by the letter 8). The other windows indicate the de- 
grees, minutes and seconds of the latitude. 
| The signal from the eastern accelerometer 8 is sent to the input of the first 


eastern integrator 5. Its output signal, which is proportional to the eastern 


i 


‘speed of the aircraft, is sent to the input of the computing device 4. ‘This device 
eimultaneously receives a signal from the cutput of the accelerometer 12 pro- 
portional to the latitude # . The computing device 4 emits a signal proportional 
to the rate of change in the longitude, calculeted from Formula (6.5). This 
signal is sent to the input of the second eastern integrator 3. The signal freon 
ithe integrator output is sent to the longitude indicator 2, which is similar to the 
latitude indicator 13, and is fed to the summation device 15 where it is algebra- 
dcally added to the signal indicating the rate of the earth's diurnal rotation 

te received from the clock. The signal from the output of the summation device 
45 avitchee on the servodrive 16 which turns the frame 6 about the f¢' axis ata 


rate of « aes X , ensuring the horizontal position and required orientation of 
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the platform 7 in the azimuth, tocether with the servodrive 10. 





Fig. 6.5. Gyrostabilized platform. 1) Body of guided abject; 2) slave 

motor of roll servo-system; 3) frame of roll axis; 4) gyroscopes; 5) ac- 

celerometers; 6) stabilized platforms; 7) slave motor of pitch servo- 

system; &) slave motor of course servo-system. 

Tne second way of making certain that the accelerometer measurement axes re- 
tain their horizontal position and required orientation in the azimuth is to place 
the accelerometers directly on the gyrostabilized platform 6 (Fig. 6.5) which, in 
this case, is stabilized with respect to the plane of the horizon and the S-N di- 
rection. In other words, in this case the €, 7 , and $ axes (Figs. 1.13 and 
6.5) are materially reproduced directly by the gyrostabilized platform. The work- 
ing principle of this kind cf platform has been described in Chapter I, Sec. 7. 

The diagram in Fig. 6.5 1s a slightly altered version of the platform shown in 

Fig. 1.21. It was pointed out in Chapter I, Sec. 7 that in grder to ensure the re- 
quired orientation of the &, 7, and ¢ axes relative to the earth, it 1s es- 
sential to turn the piatform correspondingly in inertial space, for which corre- 
sponding currents anon have to be fed to the gyroscope torquers. In the case under 
consideration these currents are supplied by the output signals of the first inte- 
grators of the northern and eastern accelerations of the object (aircraft or guided 
missile). The gyroscopes on this platform will operate both in the geometrical-sta- 
bilization and spatial-integration regimes. A great advantage of this version is 
the invariant nature of the position of the gyroscopes and the platform itself with 
yegard to the gravitational field. f sy = ae 82 
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1 
In principle the {integral system is set in operation in the following way. The 


stabilized platform is set in a horizontal position ani 1s mounted in the azimuth 
with the measurement axis cf the northern accelerometer lying from south to north, 
which also orientates the eastern accelerometer. Next, the loncituie and latitude 
of the departure point and the destination point are fed into the computer and the 
integrators are set at zero. As soon as the aircraft begins its take-off run the 
accelerometers start working and emit the signals necessary for the system to oper- 
ate. The computer will keep determining the current coordinates, the course and 
the angles of pitch and roll of the aircraft, and will emit the necessary signals 
for the automatic pilul to guide the flight. 

The distance traversed, measured by double integration of the accelerometer 
signals, is proportional to the square of the time; this results in an inadmissible 
accumulation of errors in dead reckoning. But is not yet possible to manufacture 
accelerometers, integrators, and gyroscopes with the accuracy needed to prevent 
these errors during prolonged flight by a guided object. 

A practical solution to the problem of reducing the accumulation of errors and 
maintaining the horizontal position of the stabilized platfcrm nas only been possi- 
ble through the implementation by designers of inertial systems of navigation of the 
idea put forward by Dr. M. Schuler in 1923. Schuler's principle of a pendulum with 
an oscillation period of 84.4 min is the basis of all the known practical systems 
of inertial navigation being developed at the present time for guiding aircraft and 
rockets. The principle of this pendulum has made it possible to estublish the di- 
retin of gravity (vertical) with precision in a moving object irrespective of the 
acceleration acting in any direction, due to a. cause. When this principle ie ap- 
plied, the platform and its accelerometers with a period of 84.4 win will uninter- 
ruptedly follow the true vertical and thereby set the accelerometers perpendicular 
és this vertical. Furthermore, the application of this principle is a guarantee 
against the inadmissible accumulation of errors in the computed position, which 
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would otherwise occur through the drift of the cyroscopes, the lack cf balance uf 
the accelerumeters ani instrument errors. In practice the inertial navigation sys- 
tem is arranged in such a way that it functions as a pendulum with an oscillation 
period of 81.4 min. Schuler formulated his principle approximately as follows: 

"An oscillating mechanical system, the center of gravity of which is beings acted 
upon by a central force, when moving along the surface of a sphere around the center 
of the forces, will not be drawn into an oscillating motion if the period of its 
natural undamped oscillations is equal to the oscillation period of a pendulum of 

a@ length equal to the radius of the sphere and subject to the effect of its field 


of forces." 
For bodies moving along the earth's surface or flying above the earth at a 


_height which is insignificantly small compared to the radius R of the Earth, this 


period is 


= V == V 2- ud 
Tate yf mt) Same ot 


Section 4. Application of the Principle of the Pendulum With an 
Oscillation Period of 84.4 Min to the Inertial System of Navigation 


By the correct selection of the parameters for the separate parts of the 
inertial system its natural oscillation period can be made to equal 84.4 min. If 
this is done, the system, like Schuler's classical pendulum, will find the vertical 
of a point and mintain its position or oscillate with respect to it, irrespective 
‘of the movement of the object. Furthermore, this oscillating system will not ac- 
ieumadin te errors proportional to the square of the time; any accumulation will be of 
an oscillatory nature. 

.._...Thads oscillatory nature can be demonstrated by considering the system with one 
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degree of freedom, shown diasrarmatically in Fig. 6.6. The system consists of a 
platform, turning by means of a servodrive about an axis perpenifcular to the planc 
of the drawing, to which is attached an accelerometer equipped with an accelera- 
tion indicator. The accelerometer signals are passed successively from the poten- 
tiometer-pickoff to two integrators equipped with indicators showing the speed and 
distance traversed. 

Let us transpose the whole system to the North Pole and suppose that the ac- 
celerometer has a slight error in balance which creates a smail output signal at 
the accelerometer output (Fig. 6.68) when the object and the accelerometer are sta- 
tionary. This output signal cannot be distinguished from the signal which is ob- 
tained 1f the object begins to turn to the right (clockwise around the earth). 
After the second integration the accelerometer signal will indic*te the apparent 
change in the latitude of the object. If this signal is passed as a KetvePEing 
signal to the servodrive of the platform, the latter will begin to turn in a clock- 
wise direction. If the platform deviates from the horizontal, the elastically sus- 
pended body of the accelerometer will be subject to the effect of gravity which will 
‘now act in tke opposite direction to the initial imbalance of the accelerometer. 
‘As soon as the platform reaches the point where the effect of gravity exactly com- 
palisktes for (cancels) th: inftial imbalance (Fig. 6.€n), the accelerometer signal 
will become zero. The rate of change in the output signal of the firet integrator 
will also drop to zero in the process. The second integrator will record this as a 
continuation of the object's motion at a constant speed in a clockwise Jirection 
and will gradually increase the “distance gone” output eignal, throwzh which the 
platform will be forced to continue turning in the previous direction. 

As the platform turns, the elastically suspended body of the accelerometer 
‘gvings by the force of gravity to the right, producing a signal of the opposite 
polarity at the accelerometer output wiiich makes it appear that the object has 


slowed down. When the angle through which the platform swings to the right is 
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Fig. 6.7. Graph showing errors 

in system with oscillation perfod 

of 84.4 min. 
such that the body of the accelerometer 
moves away from the center by a value 
equal in absolute terms and opposite in 
sign to the initial harmful deviation, 
the signal at the output of the first in- 
tegrator becomes zero (Fig. 6.6c). A 
signal with a negative sign will then be- 
gin to appear et the first integrator out- 


put, showing that the object has seeming- 





ly begun to move in the reverse direction. 


As a result, the output signal of the se- 
Fig. 6.6. Diagram illustrating oscil- 
lations of platform. 1) Stabilized cond integrator is reduced, which makes 
platform; oy accelerometer; 3) accel- 
eration indicator; 4) first integra- the platform turn in the reverse direc- 
tor; 5) speed indicator; 6) secont in- — 
tegrator; 7) indicator cf distance tion, i.e. counterclockwise. During this 
traversed. 


reversal the platform will again pass a 
point where the imbalance of the elastically suspended body of the accelerometer 
will be exactly compensated by gravity (Fig. 6.43). At this point the acceleration 
will be zero and the speed in absolute values will be equal to the speed in Fig. 
6.68, being different only in sign. When the platform moves further in a counter- 


clockwise direction {t will reach the position shown in Fig. 6.6e, after which the 


- fas 


F-T3-99)0/V_ = 309 


whole cycle will be repeated. | | 
If the parameters of the oscillatory — under consideration are selected in 
such a way that its oscillation period is Bh. min, the system will behave like 
Schuler's pendulum. The error in the eal culatea distance will also oscillate with 
a period of 84.4 min, A rough graph of these errors is given in Fig. 6.7. The 
amplitude of the oscillation of the error pens on the sensitivity and the pre- 


cision of the accelerometer, gyroscopes (if the system is constructed as in Fig. 6.5), 
' 


' 


servodrives, and integrators. | 
i 


Section 5. Effect of the Coriolis Acceleration and the Nonspherical 
Stiape of the Earth on the Operation of the Inertial System of Navigation 


Rotational acceleration (Corioiis acceleration) affects the operation of the 


inertial system of navigation to a certain extent. 

If the Earth did not turn on its own 
axis, an object flying, let us say, from 
the Fquator to the North Pole along a 


straight ground course would follow the 





a La straight path shown in Fig. 6.8a. In 
Fig. 6.8. Effect of Earth's rota- 
tion on the path of 4 guided ob- actual fact, however, on account of the 


ject in absolute space when flying 
from the Equator to the North Pole rotation of the Earth, while flying along 


ob & steady course. (a) Path rela- 


tive to ground (the absolute path a meridian the object describes a curved 
would be the same if the Earth did 
not rotate); (b) actual absolute path in absolute space (Fig. 6.5b). An 
| ‘path. 


observer located in space above the Pole . 
would see it as such. This path testifies to the constant change in the magnitude 


and direction of the object's speed in inertial space and to the effect of Coriolis 


| (rotational) acceleration on the object; to compensate for this the output signals 


lor the S-N and W-E accelerometers have to be corrected. 


- -—__ 


The nonspherical shape of the Earth has a certain effect on the operation of 
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the inertial system of navigation. If the Earth were perfectly spherical, the ver- 
tical fixed by means of & pendulum with an oscillation period of 84.4 min would be 
the same as a line from a point on the surface of the earth to its center. As a re- 
sult of the slightly flattened shape of the Earth, however, a vertical line does 

not correspond to a line to the center of the Earth. The angle between them at a 
letitude of 45° is approximately 1] minutes. The noncoincidence of the lines gives 
rise to a harmful acceleration. The inertia caused thereby affects the S-N accel- 


erometer and this effect in long-range inertial systems must also be corrected. 


Section 6. Combining Inertial Systems of Navigation With Other 


Navigational Systems 


A purely inertial system of navigation (Fig. €.9) requires its component 

units —-the accelerometers, Gyroscopes, computing devices, servodrives, and other 
instruments —-to possess a very high degree of accuracy compared with similar in- 
struments used in aircraft at the present time. The problem of achieving the re- 
quired accuracy in the inertial system components has not yet been fully solved; 

at the moment, therefore, so-called combined systems have appeared alongside de- 
signs of purely inertial systems, in which the accumulation of errors inherent in. 
the latter type of system is compensated 
for by the use of signals from a radar 


unit on board the guided object, or by 





additional verification of the speed and 
Fig. 6.9. Block diagram of purely 

inertial system of navigation. 1) Ac- path from celestial or ground reference 
celerometer; 2) first integrator; 3) 

second integrator; 4) position indica- points. 

tor; 5) computing device; 6) stabil- 
ized platform. The combined inertial system of navi- 


t 
gation lacks the chief advantage of the purely inertial system, to vit, complete 
independence from outside emission and the absence of any need for external 
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reference points. In certain areas, however, the use of combined inertial systems 
is fully justified on account of the wut size, simplicity, and low cost of the 


equipment required as compared to the saul een used in purely inertial systems of 
navigation. Civil aviation, for tnatance) 4s a field in which combined systems can 
be used predominantly. They can also be used in military aviation. | 
One of the best-known combined systems 1s formed by the addition to the exui 
system of a radar unit working on the sila ve of the Doppler effect. The radar 
antenna is mounted on the lower surface of the aircraft or rocket and faces forwards 
or backwards at an angle to the line of Asai but not directly downwards. When | 
the guided object {e in flight, the antenna of the radar unit emits a cont inuous- 


| 


wave signal. Part of the signal is reflected from the earth's surface back to the 
antenna, its frequency differing slightly from that of the original signal on texas 
of the Doppler effect. The difference daluen the frequencies of the original and 
reflected signals is proportional to the jest of the object above the earth. By 
measuring the different signals along an dxis parallel to the longitudinal axis of 
the object and also along its transverse Lis and their rector summation it is aia 
sible to obtain the true ground speea. 

As already pointed out, the purely lbsetin system calculates the ground speed | 
of a guided object by continuous integration of the output signals from two accel- 
erometers with the necessary correction e the earth's rotation and other factors. 
The ground speed signal, -alculated by the first integrator is sent to the servo- 
drive of the gyrostabilized platform carrying the accelerometers and turns the 
platform with an angular velocity equal td the angular velocity of the movement of 
the object around the earth, which is essential to maintain the horizontal position 
of the accelerometers. In order to give @ reading of the distance traveled, the 
speed signal is integrated by the second integrator. That is what happens in a 


purely inertial system of navigation in ich, as already pointed out, the accuracy 


with which the speed and the distance trayeled are determined will gradually 
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deteriorate us tle flight continues on account of the inevitabic accumulation of 
errors. 

In a combined system of navigation it is possible to make a continuous or 
periodic ground-speed correction which is caluulated by the acceleration integrator. 
In the radar system making use of the Doppler effect this is done in the following 
way. The ground speed signal from the radar unit is compared with the speed signal 
calculated by the acceleration integrator. If there is any discrepancy, the rele- 
vant correction {s made so that the speed signals emitted by the radar unit an? the 
integrator become the same. 

If the guided object is flying over friendly territory where detection of the 
radar emission from the object is of no danger to it, the radar unit can be left on 
the whole time. Under the circumstances the unit can act as the basic ground-speed 
indicator, and the accelerometer-integrator system can be used to average the mo- 
aaneaey errors and interference created ty the radar unit when flying over rugzed 
| 
| When the guided object is flying over foreign territory the radar unit may not 
vork the whole time on account of the danger of instant detection. But tt can be 
putomnticalty svitchea on from time to time for a few seconds, and then be switched 
oft for considerably longer, irregular periods, say from 10 to 15 min. Under these 
operating conditions the periodic correction of the inertial-system readings is 
hept up, and the chances of the guided object being spotted are greatly reduced at 
the same time. A block-diagranm of an inertial system of navigation combined with a 
redar unit working on the principle of the Doppler effect is shown in Fig. 6.10. 

! A (US) firm working in the field of inertial navigation reports that the com- 
= system incorporating both inert‘al and radar principles has a navigational 
rror not greater than 1.5% of the distance traveled in 10 hr. This means that a 


r flying at 965 km/hr towanis a target 4800 km from the take-off point will 


reach it with an error not greater than Te kn. Inertial systems of eeYieet tens can 
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ve combined with otter types of radar. For example, an inertial rystem intended 
for long-range bombers or transport planey can be further equipped with a radar unit 
of the type installed in similar aircraft for observation of the terrain being 
‘flown over and for bombing purposes. By keeping a watch on certain known landmarks 
o_ ground radar beacons with the aid of this radar unit the navigator can deter- 
mine the exact position of his aircraft. The aircraft's coordinates determined in 
this way can then be compared with data calculated by the inertiai system. If there 
is any discrepancy, the readings of the inertial system can be corrected accordingly. 
| Another way of obtainin, a fix in andes to make periodic corrections to the 
dnertial system is by astronavigation. As is known, if the height and azimuth of 
\ 
two stars are known, the geographical coordinates of the object at any point on the 
earths surface can be determined. One of the most important problems of astrona- 
Te -- obtaining an exact standard for the horizontal -- is solved by using 
he gyrostabilized platform of the inertial system. The main component in the #s- 
tronavigational system 4s the system for observing, the heavenly bodies or automatic 
hotoelectric sextant. This device can automatically follow the chosen star or 
Janet at night, or the sun during the day. A fully automatic system of astronavi- 
ation requires tvo stellar observation systems mounted on 4 repeating stabilized 
piatfore vhich follows in movement the basic gyrostabilized platform of the inertial 
Eo The system contains a computing device which solves the problems of spheri- 
al trigonometry in the calculations. 
| The observation of two stars makes it possible in principic to achieve a fully 
gutomatic system of astromvigation. If the astronavigational system is solely 

to correct the inertial system, 4 simplified system following only one star can 
Me used. A rough block diagram of 4 cumbined inertial system of navigation with 


pstronomic correction is shown in Fig. 6.11. 1 


Inertial-astronomic systems of navigation are being used at the present time 


| 
An some of the guided missiles produced in the USA. 
fe ee eee ek a ee 
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| Fig. 6.10. Block diagram of system of Fig. 6.11. Rough block diagram of 


inertial navigation combined with ra- inertial system of navigation com- 
dar unit working on the principle of bined with automatic system for 
the Doppler effect. 1) Accelerometer; following a celestial body. 1) Ac- 
2) radar unit; 3) first integrator: celerometer; 2) automatic photosex- 
4) second integrator; 5) position in- tant; 3) first integrator; 4) se- 
dicator; 6) computer; 7) stabilized cond integrator; 5) positior indi- 
platform. cator; 6) computer device; 7) stu- 


! pbilized platforn. 


| 
| 
| 
' 
| 
| 
| | 
| 
{ 
Section 7. Some Components of Inertial Navigation Systems 
! 
| | 
| The above-described working principles of inertial systems of navigation do 


pot constitute anything new. As is well xnown, a navigational system of this kind 
first developed in the Soviet Union by E. B. Levental' in 1932. Nor is the 
quipment used in inertial systems original in principle. It has been possible to 
manufacture @ complete gyroscope from the atiructural point of view for about fif- 
teen years; the principle of the pendulum with an oscillation period of 84.4 min 
6 put forward by Schuler in 1923, and integrators, servodrives, ani other kinds of 
asuring instruments were known before the Second World War; nevertheless, despite 
the fact that the general principles of the system of inertial navigation and its 
components have long been familiar, even by the beginning of the War the Biot Leal of 
practical realization of these systems had not been emphasized sufficiently 
here. | 


This may seem strange at first sight eince the advantages of the inertial sys- 
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Simple calculations, however, will show that in spite of the simplicity of the 
principles of the system, the implementation of it involves the greatest difficul- 
ties. It has taken many years to develop the theory and to perfect the designs and 
technology of production of the gyroscopes, accelerometers, servodrive and other 
instruments making up the inertial navigation system. The reason for the great 
difficulty in actually constructing inertial systems is first and foremost that the 
demands made upon the instruments in the system are inordinately severe. 

The main requirement is an extremely high degree of accuracy in manufacturing 
and adjusting the instruments. Gyruscopes, accelerometers, servodrives, and inte- 
erations nave long veen useu in modern nuvigational systems, but the accuracy re- 
quired from them in inertial systems must be one or two orders greater than that 
nttained at the present time. Standard and batch-produced components for inertial 
nystens can only be compared as to accuracy required with precision instruments 

in the laboratory. On the other hand, the high degree of accuracy has to be 
pombined with exceptional shock and vibration resistance so that the instruments 
ran work in the exacting conditions eacountered in high-speed aircraft and rockets. 

reover, inertial-system instruments intended for conventional and pilotless air- 
raft must be small in size and low in weight. ! 

The second and no less important requirement in these instruments is that ay 
should operate accurately and reliably cver an unusually wide range of input values. 
Fhe ratio of the maximum measured input value (e.g. acceleration, angular velocity, 
etc.) to the minipnum in some instruments may reach 100,000. This is an entirely 

w requirement and not even the most Accurate instruments come up to it. It is 

ficult to imagine, for instance, a voltmeter with a scale reading up to 100 kv 
ie could measure with great accuracy voltages of both up to 10 v and up to 
100,000 v without changing the measurement range (scale). In this connection it 1s 
f interest to recal] that the most remarknble natura’. “instrument” as regards the . 
range of values which can be sensed is the human ear, in which the ratio of the 
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maximum audible value (sound intensity) to the minimum is 1033, 


At present the development of instruments for inertial systems of navigation 
is proceeding along two lines: on the one hand, the instruments of familiar design 
now used in aircraft are being perfected from the point of view of accuracy, speed 
of action and range of response. These instruments (acceleroreters, gyroscopes, 
integrators, computers and servodrives) are being carefully analyzed from the 
standpoint of maximum accurecy attainable in mass production. On the other hand, 
meny experts are seexing new principles in the construction of mechanical and 
electrical instruments specially adapted to work in inertial systems of navigation. 

The high accuracy required in inertial system instruments tas given r’-e to 
the need for special precision test apparatus without which verification and ad- 
justment of these instruments is impossibl>. Such apparatus includes turntables 
for testing gyroscopes with precision devices to measure the angular velocity wit! 
an accuracy of several milliradians per day; stands for testing synchronous 
coupling systems with an accuracy in transmitting the component angle of several 
minutes; equipment for measuring the eyrdicopic moment with an accuracy of mi11 
millionths of a gram-centimeter; potentiometers (compensators ) measuring ac current 
with an accuracy of hundredths of a percent, and so on. In its turn, the building 
of such test apparatus may require the development of completely new devices, such 
as reducerless silent electric motors, ultra-accurate dr ani ac voltage regulators, 
optical instruments for measuring slight movement and so on. Thus the development 
of inertial systems of navigation cannot be compared with the development of a 
system which, although new, does not differ very mch in principle from existing 
types. Compared with know methods the development of inertial systems is a tech- 
nological jump forward demanding solutions different in principle in the field of 
the designing, production technique and testing of aircraft instruments. 

let us consider in general terms some of the basic elements of inertial navi- 
gation systems, with the exception of the gyroscoves, since all the preceding 


chapters of the book have been devoted to them. 
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Accelerometers 


Devices for measuring acceleration, or accelerometers, are important compo- 
nents in inertial systems. To measure acceleration of motion in a straight line, 
'go-called linear accelerometers are used. These include, for example, accelero- 
meters which work by measuring the movement of an elastically suspended body. 
‘These accelerometers have been known for a long time und are widely used in re- 
‘search of various kinds. In the old type of design direct methods of reconiing 


‘were often used, for example, a diamond tip which made scratches cn a glass plate. 


St artnet ima 





Fig. 6.13. Illustration of working 
principle of accelerometer with elec- 
tric spring. 1) Instrument housing; 
2) low friction bearings; 3) electric 
Pig. 6.12. Linear accelerometer. motor stator; 4) armature of motor; 

| 5) pendulum veight. 


. | 


[The accelerometer; intended for aircraft usually use electric output-signal pick- 





latte. Figure 6.12 shows an industrial’y produced linear accelerometer with an elec- 
jtric output signal pickoff. This acceleromter is intended for aircraft and short- 
ante rockets and measures positive and negative accelerations acting in a horizon- 
tal and vertical plane, or in both planes at once. Accelerometers of this kind are 
roduced in batches with upper limits of measurement varying from 5 g to 50 g. The 
tal error of these instruments (scale, hysteresis, and also nonlinearity) isa 
_ of 2%. 
| in developing & new accelerometer or adapting an existing one for an inertial . 


| 
system, the problem immediately arises of the range of measurable acceleration or 
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the ratio of the maximum measurable acceleration to the minimum. It is considered 


that this ratio should be of the orler of 100,000 if the system is to operate sat- 


‘fefactorily. It 18 extremely difficult to construct an accelerometer with an elas- 


tically suspended body with tnies ratio since at small accelerations the operation 


of the instrument will be detrimentally affected by friction and at high accelera- 
tions there will be errors caused by hysteresis of the elastic suspension. More- 
over, the designing and manufacture of springs or spring systems with a satisfac- 
tory performance over such a wide range of accelerations involves great complica- 
‘tions. One of the practical ways of overcoming this difficulty is to use a me- 
chanical spring with low rigidity together with a so-called “electric spring.” 
Figure 6.13 is an illustration of one of the possible applications of the elec- 
trie-spring method in the construction of a linear accelerometer. The part of the 
‘electric spring in the diagram is played by a emall dc electric motor. The arma- 
‘tire 4 of the motor is attached immovably to the instrument housing. The stator 3 
- the load 5 attached to it is suspended on two supports in the low-friction 
ici 2. If there is no acceleration, the pendulus thus formed hangs vertical, 
i.e., in its initial position. If the device is shifted horizontally in the plane 
of the swing of the pendulum with acceleration, the pendulum vill swing and take up 
the position shown in Fig. 6.13 by the dotted line. The stator 4 will turn with it. 
Let us now impress upon the armature a voltage of a polarity and magnitude such * 
that the motor develops a moment sufficient to return the stator-pendulum to its 
initial position, corresponding to absence of acceleration. The voltage which is 

| impressed upon the armature and which causes the mowent of the motor, compensating 
i this case for the moment of inertia, will be proportional to the linear accel- 
leration with whica the device moves. Thus th device acts as an accelerometer and 


the measurement of the accei¢ru.ton is the value of the voltage needed by the ar- 


mature to return the stator to its initial position. | 


| Since moments tending to return the stator isediately to its initial position 
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are always impressed upon it when there is acceleration, the angie of deflection of 
the stator will always be small. This meane that the accelerometer measures the 
‘linear acceleration and does not experience the undesirable effect of the accclera- 
tion of gravity. In order to impress a voltage on the armature, use can be made in 
the accelerometer of contact-type or other pickoffs which react to the deviation of 
the stator-pendulum from its initial pooitidt and in response send a voltage to the 
armature which keeps increasing until the stator returns to its initial position. 
One of the methods of the measurement of acceleration is the use of the so- 
‘called resonance accelerometer. This instrument contains a vibrating unit, the re- 
‘sonance frequency of which varies with the acceleration with which it moves. The 
deviation of the resonance frequency is proportional to the acceleration. Hence, 
ae we calculate the difference between the number of oscillations which would have 
eedunced in a given time interval if there were no acceleration and the number of 
oscillations occurring over the same period when there is oscillation, it will be 
roportional to the integral of the acceleration, i.e., proportional to the varia- 
m in. speed over the given time ineoeeads Thus, the resonance accelerometer is a 
presentative of the so-called integrating accelerometers whose use can simplify 
a problem of the instruments needed for the inertial system of navigatioi. Cer- 
tain experts believe that resonance accelerometers eventually may replace conven- 


donal accelerometers. 
! ( 
! ! 
Integrators 


At the present time there are various types of integrators in existence and in 


actual use. Methods of “mechine” integration have been carefully studied, and any 
present-day computer can cope with integration processes. When this method of in- 


tegration is used in inertial systems of navigation, however, we encounter the same 
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difficulties which perpetually accompany these systems, to wit, accuracy, resistance 
to vibration, range of response, and s0 on. The specific conditions in which iner- 
tial navigation systems perate make it difficult to utilize the conventional inte- 


grators used in the laboratory. 





: Pig. 6.14. Diagram showing components of electromechanical integrator of 
the integrating-drive type. 1) Two-phase tachometergenerator; 2) liquid 
| damper; 3) two-phase induction motor; 4) output shaft; 5) potentiometer- 
pickoff; 6) output shaft of reducer; 7) potentiometer wiper; 8) reducer; 


9) amplifier; 10) comparator. 
| 
| One of the commonest integrators in {inertial syetems fa the electromechanical 


integrator of the integrating drive type with an ac tachometergenerator. It is a 


| 

aes integrator. 

| A diagram showing the component parts of thie type of integrator is given in 
Fig. 6.18. The chief requirement is that the engular velocity of the output shaft 
6 with respect to the instrument housing should be proportional with a high degree 
‘of accuracy to the input voltage Wine The input voltage Un is sent to th conm- 
paretor 10. The latter simultaneously receives a voltage Ue from the precision 
‘tachometergenerator 1, mounted on the output shaft 4, proportional to the momentary 
value of the angular velocity of the output shaft. The difference voltage is pick- 
lea off the comparator output and is sent after amplification by the amplifier 9 to 


the control winding of the two-phase induction motor 3, the rotor of which is 
| 


4 
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connected to the output shaft. The difference voltage and, consequently, the rota- 
tional moment of the motor become zero only when the velocity of the rotation of 
the shaft 1 (the motor rotor) is exactly proportional to the value of the input 
voltage Uiat Let us suppose that the output shaft at the momcnt under considera- 
tion is rotating at an angular velocity exactly proportional to the input voltage. 
On account of the difference voltage equalling zero, the rotation of the shaft will 
‘then begin to slow down and its angular velocity will cease to be proportional to 
ee input voltage Un As a result of the voltage Ure developed by the tachometer- 
generator will fall below the input vc] tage Usa’ The result of this will be another 
difference voltage and the rotation of the output shaft will begin to accelerate. 

At the moment the angular velocity of the output shaft reaches a value proportional 
to the input voltage Uw the difference voltage will again become zero. If the 
angular velocity of the output shaft exceeds the required value, there will again be 
A aitference voitage, but this time its phase will be such that it will cause the 
motor to slow down; this will continue until the ang ar veiocity of tie output 


| haft becomes proportional to U, . 
& ein 


| Hence the difference voltage is always such that it brings the angular velocity 
f the output shaft to a value proportional to the input voltage Un" Since the 
velocity of the output shaft 6 is proportional to the input voltage Uw its 
ngle of rotation, and consequently the output voltage Vout picked off the potentio- 
miter 5 (Pig. 6.14), will be proportional to the integral of the input voltage U, 
eg respect to time. 
The parameters of the design are chosen in such a way that the deviations of 
the angular velocity of the output shaft from a value proportional to the input 
voltage are fairly small. The liquid damper 2 is mounted on the output shaft to 
uce its free oscillations to a St otiaias.: 
This type of integrator works satisfactorily in conventional systems of air- 


craft navigation. Inertial systems of navigation, however, which require the 


Re ee = 





P-TS-9910/V 322 


integration of signals from extremely small (thousandths of a g) up to very large 
(tens of g) accelerations, need an integrator with considerably greater accuracy 
which can vork over a wide range of input values. One way to solve this problem 
is to use multistage integrators of the integrating drive type. The firm Bosch 
Arma has constructed a two-stage integrator in which each of the two tachomter- 
generators works in its own range of velocities and voltages, and which has a cor- 
responding circuit for selecting the ranges. , 

Another analog-integrator is the dc integrating amplifier. The output signal 
of this amplifier is proportional to the integral of the input voltage with re- 
spect to time. A critical component in the integrating amplifier is the hi,h- 
grade condeaser connected tu the feedback circuit. The leakage current from the 
contenser and the dielectric loss in the insulation must be very small in order to 
obtain the necessary accuracy in integration. 

The most convenient instruments for integrating pulse signals, for instance 
Seeduned accelerometer signals, are integrators of the digital type or pulse 
jcounters. The digital integrators can provide any desired degree of accuracy 
Iwan in the amalog-integrator the required degree of accuracy is frequently un- 
lente through limitations in design and production technique. 


\ 
4 
| 
. 

Computing Devices 





i 
| 
\ Analog computers, which make calculations invelving prooviems of spherical tri- 
| 


gonometry, have been used in aircraft for some time. In using them in inertial 
(systems of navigation the greatest difficulty encountered is obtaining the desired 
poe This problem frequently makes at impossible to use analog computers in 
inertial systems. ! 

\ 


| An obvious solution to the problem is to use binary digital ee which 
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can provide practically any deefred degree of accuracy with only a slight increase 
in size, weight, ani cost as compared with analog computers. An example of a mod- 
ern aircraft digital computer is the diffcrential analyzer made by the North 
American Aviation firm. This device, which contains 93 integrators, weighs 56.5 
kg, takes up a volume of 0.028 2, ami consumes only 100 watts. An additional ad- 
vantage of digital computers in inertial systems of navigation is that they can be 
used at the same time for celculations in connection with bombing, fire ccatrol, etc. 
besides navigational probler<. Present-day digitai computers work so rapidly that 
ithey can solve navigational problems in fractions of a second and then make a cal- 
culation connected with bombing, after which they can go back to inertial-naviga- 
{tion problems. The advantages of digital computers have earned them 4 prominent 


place in rew inertial systems of navigation. 
1 

| ° 
Servodrives 

' \ 

t \ 

I 

| It 4s clear that although we have highly sensitive and reliable accelerometers 
‘ 

land gyroscopes as well as integrators and computing devices, it is still impossible 
to construct an inertial system of navigation until we have developed servodrives 


which can stabilize the platform carrying the actelerometers sufficiently accurate- 


4 
ay and rapidly. The ability of gyroscopes to detect the slightest rotation about 


t 


| 


will be of no avail unless the servodrives are able to react to the extremely weak 


their axes ani the capacity of accelerometers to record the slight accelerations 


signals emitted by these instruments and turn the platform apprupriately in re- 


| 
eponse. Servodrives must provide exact geometric stabilization of the platform no 


t 
matter what computed changes in the position of the aircraft or rocket may occur 


ts the air. The rapidity with which servodrives intended for inertial systems must 


vork is very great and the dynamic errors must be very small. The whole 
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servosystem will not work well unless its component parts --the amplifier, slave 
motors, and reducer —-possess the necessary accuracy, linearity, small time con- 
etant, and good dynamic characteristics. 

In developing a servodrive for an inertial system of navigation we should not 
only make use of everything that is known in the theory of servosystems, but also 


devise entirely new methods of analysis and computation. 


pee ee 6 
‘ 
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